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1.0 INTRODUCTION 

During the past few years, improvements made on the AEDC yon K~rm/m Gas 
Dynamics Facility (VKF) three-degree-of-freedom (3DOF) test mechanism have led to 

greater usage and increased emphasis on data quality and data reduction techniques. These 

improvements consist primarily of the addition to the original system as reported in Ref. 

1 of roll position measurement and increased axial and normal load capacity. 

Before the system alterations were made, only a limited amount of data was reduced 
to final form. This was due primarily to the relatively large computer time involved in 

the analysis of data and the limitations imposed by the data reduction procedure. The 

analysis of data for the extraction of meaningful aerodynamic coefficients was hampered 
by the use of data reduction procedures based on linear aerodynamics and on mass and 
aerodynamic symmetry properties of the model (Ref. 2). Since the majority of models 

tested fail to conform to either one or both of these restrictions, more exact data reduction 

techniques are required. 

The capability of the 3DOF system to measure the roll position accurately permits 

data to be analyzed in the body-axis system. Use of this system allows analysis of  the 

effects of model inertia anomalies and asymmetric aerodynamics on 3DOF motion. 
Moreover, increased emphasis has been placed on studying the effects of nonlinear 

aerodynamics for both symmetric (Ref. 3) and asymmetric configurations (Ref. 4). 

This report presents improved data reduction and analysis procedures so that the 
increased capabilities of the 3DOF system may be utilized. A modified Newton-Raphson 
technique (hereafter referred to as the Chapman-Kirk method, Ref. 5) was employed to 
develop two programs designed to extract aerodynamic coefficients from 3DOF data. The 

asymmetric and symmetric programs utilize the full dynamic and kinematic equations and 
assume mirror plane symmetry and axial symmetry, respectively. Other data reduction 

methods currently used in aerodynamic parameter extraction are discussed in Section 2.0. 

The formulation of the mathematical aspects of  the Chapman-Kirk method and the 

development of the governing 3DOF equations to be used in the extraction methods are 

presented in Section 3.0. Section 4.0 gives a detailed description of the resulting programs. 
In Section 5.0, the validity of the improved coefficient extraction technique is studied 

using computer-generated motion and 3DOF data from Tunnel A. In addition, bench test 

data are used to support error estimates of the extracted coefficients. 

2.0 METHODS OF 3DOF ANALYSIS 

During the past 20 years, much progress has been made in parameter identification 

techniques. Early methods were difficult to implement and time consuming in application. 
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The need for improved techniques was shown by the disagreement found between 

extrapolated wind tunnel and flight test results (Ref. 6). The following discussion 
I .  

concentrates on several types of identification techniques currently used in processing data, 

both in the wind tunnel and in full scale. The advantages and drawbacks of each type 

are addressed. 

Parameter extraction methods may be broadly classified into three categories: 1) the 

so-called equation error methods, 2) output error methods, and 3) advanced methods. 

The equation error methods assume a performance criterion (i.e., a set of differential or 

algebraic constraints on the vehicle aerodynamics and/or motion) that minimizes the square 

of the equation error. All methods that fall into this group are basically least squares 

methods, and generally all response variables and derivatives must be measured. Application 

of  this method gives a set of n linear equations with n unknowns. Since the equations 

to be solved are linear, the equation error methods are single-step processes. As such, 

they are normally used only as a startup method for output error methods. In addition, 

equation error methods are known to give biased estimates in the presence of measurement 

noise. 

Output error methods minimize the square of the error between the actual system 

output and the modeled output. Characteristic of these methods is the ability to extract 

meaningful parameters in the presence of measurement noise. In addition, process noise 

(modeling errors) produces biased results in the extracted coefficients and may result in 

lack of convergence of the iterative scheme. Typical output error methods are 

Newton-Raphson, gradient, Kalman ffdter, and modified Newton-Raphson. The modified 

Newton-Raphson method, also referred to as the differential correction or quasilinearization 

method, can be shown to be identical to the Kalman filter method for the case of no 

measurement noise. 

The maximum likelihood method (as described in Ref. 7) is the most advanced 

parameter identification technique currently available and is capable of handling both 

process and measurement noise. This technique may be subdivided into three basic steps. 

The first step employs the Kalman filter to estimate the magnitude of the states and 

to generate a residual sequence. A modified Newton-Raphson algorithm is then used for 

the parameter estimates. The final step uses an algorithm to estimate the noise statistics 

(the mean and variance of both process and measurement noise). With this approach used 

for parameter identification, the lower bound on the variances of parameter estimates 

and the models for the measurement and process noise disturbances may be determined. 

The majority of  experience gained over the past 20 years in parameter identification 

in the ballistic range and wind tunnel has been accumulated using some form of the 
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differential correction method (see Murphy, Ref. 8, and Nicolaides, Ref. 9, for example). 

The maximum likelihood method has seen limited use in the analysis of  free-flight aircraft 

test data. Thus, even though the maximum likelihood method appears to hold promise 

for improved data analysis, the differential correction methods as used in the wind tunnel 

and ballistic range are still of  primary interest due to their relative ease of  application 
and proven reliability. 

The differential correction method as used by Murphy (Ref. 8), Nicolaides (Ref. 9), 

and others, is essentially a linear or slightly nonlinear analysis. Under suitable linearizing 

assumptions, the angular motion equations of  a basically symmetric model may be solved 

in closed form. The coefficients in the analytic solution which are functions o f  the vehicle 

aerodynamics are determined by fitting the solution to the data using the method of 

least squares. This approach can be used only to extract relatively simple aerodynamic 

coefficients from the experimental data. Furthermore, complex motion must usually be 

analyzed in small time segments, and thus any cumulative nonlinearities that may be present 
in the data are destroyed. 

In the late 1960's a different approach to the differential corrections method was 

developed that did not rely on the existence of  analytic solutions. This technique, hereafter 

referred to as the Chapman-Kirk method (Ref. 5), is also based on the minimization of 

the least squares function. The partial derivatives as required in the method of  least squares 

are determined by numerically integrating parametric differential equations which are 
derived from the governing equations of  motion. This approach can satisfactorily handle 

highly nonlinear aerodynamic moments and forces, but it requires substantially more 
computational effort since, in addition to the integration of  the governing equations, a 
set of  parametric differential equations must be solved. 

The discussion of  output  error methods thus far has dealt with parameter identification 
techniques that are deterministic in nature in that the aerodynamic modeling does not 

account for measurement or process noise. All ballistic and wind tunnel angular motion 

data contain a finite amount of measurement and process noise, however. The effect of  

such noise usually appears in the higher order nonlinear coefficients, as pointed out in 

Ref. 10, in the form of  abnormally large variance and bias. The extended Kalman filter 
method (as discussed in Ref. 11) provides an approach in which measurement noise can 

• be satisfactorily modeled. This method provides direct estimates of the states o f  noisy 

systems as well as estimates of  the state variable uncertainties. Even though the extended 

Kalman filter method provides more detailed information on the measurement noise of  

experimental data, it provides no estimate of  process noise, which is a serious noise source 

in nonlinear systems. In this regard, the extended Kalman filter method has no distinct 
advantages over the Chapman-Kirk method in processing real 3DOF data. 

9 
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Thus, the Chapman-Kirk method is used to develop an improved 3DOF data analysis 

capability for use in continuous wind tunnels. Even though this approach does not yield 
detailed information on measurement noise, as does the extended Kalman filter method,  

it does afford sufficient insight into the effects of  the measurement noise on the extracted 

coefficients. In the absence of  process (modeling) noise, it may be shown that the probable 

error of  the extracted coefficients for random measurement noise, using the Chapman-Kirk 

method, is equal to the root-mean-square (RMS) deviation from the true value. 

3.0 MATHEMATICAL DEVELOPMENT 

The preceding section has dealt extensively with the different types of parameter 

identification techniques that may be used for 3DOF data analysis. It was concluded that 

the Chapman-Kirk method as described in Ref. 5 provided the best compromise in 

mathematical complexity, reliability, and versatility of  the methods considered. This section 

presents in a concise manner the mathematical details of  the Chapman-Kirk method as 

applied to 3DOF data for axisymmetric bodies of  revolution taken in continuous wind 

tunnels. A similar development of  the important equations for models with mirror plane 

aerodynamic and geometric symmetry is given in Appendix A. 

3.1 GOVERNING EQUATIONS FOR 3DOF MOTION 

The 3DOF governing equations of motion are derived from Newton's second law 

of  motion, which may be written as 

,It (1) 

_.). . -~  

where M is the external moment  acting at the mass center of  gravity (cg) equal to Mxi 
+ Myj + M~k, and h is the moment  of  momentum referred to the axis system as shown 

in Fig. !. For a rigid body, the moment  of  momentum may be shown (Ref. 12) to reduce 

to Eq. (2). 

+ h ~  = (P lxx  - q l x v  - r l x z ) ] '  

+ ( - P l x y +  qlyy - rly z) 

+ (-Plxz - qly z + rlzz)-k 

(2) 

Here p, q, and r are the components of  the angular velocity vector along the x, y, z 

axis system (see Fig. 1), respectively, referenced to a space-fixed axis system, and lxx, 

lyy, lzz, lxy, lxz, and lyz are the moments and products of  inertia as defined in the 

standard way by Kolk (Ref. 13) and others. 

10 
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Utilizing Eq. (2) in Eq. (1). the governing Euler moment  equations for a plane-fixed 

axis system may be written in the form of Eq. (3). where the caret denotes the aeroballistic 
axis system. 

iCl = ilx - ~ ' l h  - ~11  - ~., 

g'l : |~y + ~h x - ~ h  z ( 3 )  

fl :  hy- 

The dot as used here indicates differentiation of  the scalar quantity with respect to time, 
A A A 

and p, q, and r are the angular velocities of  the plane-fixed axis system relative to the 

space-fixed axis. For the case in which the body axis is a principal axis, the products 

of  inertia, Ix:,, lxL, and Iyz, are identically zero. If it is further assumed that the body 

is axially symmetric about the x axis, then ly = lz = 1. 

In order to derive the Euler moment  equations in terms of  angular measurements, 

the Eulerian angles ~0, 0, and @ are defined. Figure 2 illustrates the Euler angles ~, 0, 

and @ for the aeroballistic axis system. Vectors in the space-fixed coordinate system may 

be transformed to the aeroballistic axis system by successive rotations about the Z axis 
A 

through the yaw angle, ~, and about the y axis through the pitch angle, 0. 

The Euler angles ~0, 0, and @ are related to the angular velocities through Eq. (4), 

p = ".oh - .~ sin 0 

q = 0 (4) 

r = ~b c o s  0 

with the plane-fixed angular velocities given as follows: 

= - ~  sin 0 

= ,6 ~o~ 0 

(5) 

Inserting Eqs. (4) and (5) into the governing moment  equations and simplifying, the 

governing differential equations of angular motion may be shown to reduce to the form 
of  Eq. (6). 

I1 
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~b" = M x ~" b cos 0 -,- ff ton 0 - (2 - R) ¢.~0 tan 0 sin 0 / 

n b 0 
(6) 

ttere the definitions My = My/l, Mz = Mz/l. Mx = Mxilx and R = i~/I have been utilized. 

The above equations describe the angular motion of an axially symmetric body about 

its cg caused by aerodynamic moments .Mx, M:,, and Mz in the aeroballistic axis system. 

The solution of Eq. (6) depends on the form chosen for the moments as functions 

of the dependent variables. In order to provide the most general form of  the moment  

coefficients for axially symmentric bodies, the ideas of Tobak, Ref. 14, have been utilized. 

The moments are written as functionals of the parameters that directly influence the 

moments. Thus, it is assumed that the moment  coefficients. C~, Cm, and Cn are functions 
of  the velocity ratios v/U** and w/U** and the angular velocities p, q, and r. as shown in 

Eq. (7). 

A 

Ms = q**Sd C t ( a ,  /3: p , q . r )  

A 

My = q..Sd C m (a.  / 3 ; p .  q . r )  (7) 

. A  

M z = q**Sd C n (a, /3; p.  q. r) 

The variables a and $ are the velocity ratios w / U  and v / U ,  respectively, as depicted 
in Fig. 1. The dynamic pressure, reference area (base area), and reference length (base 
diameter) are denoted by q=, S, and d, respectively. By expanding the moment  coefficients 

about a and ~ and dropping nonlinear coefficients in a, ~, p, q, and r, the coefficients 
of Eq. (7) may be reduced to 

(a, / 3 ;p ,q , r )  = e l (a ,  /3) + 2tJ--'~d [p C~p(a,/3) C~ 

t- qC~, I (a,  /3) + rCp. r (a,  /3) + aCL;z(a ,  /3) + ~ C ~  (ft. /3)] 

C m ( ~ . / 3 ; v , q , d  = C.,(a.13) + '__L [p CmpC~, /3) 
2U= 

+ q C m q ( a . / 3 )  + r C m r ( a . / 3 ) +  a C , n a ( a . / 3 )  ,- ~ C , , , ~ ( a , / 3 ) ]  
(8) 

Cn(a ,  # ;  p ,  q, r) = Cn(a , /3 )  + d [ P C n p ( a , ~ )  
2 U  

+ q C n q ( a ,  ~) + r C n r ( a ,  ~) + a C n ~ ( a , / 3 )  + /~C 

12 
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As can be seen, the new coefficients as defined in Eq. (8) are functions of  the parameters 

a and 1~ only. Before the expansion of the new coefficients about a and 1~ equal to zero 

is accomplished, the relations describing a and /~ and their derivatives as functions of  the 

Euler angles will be presented. Using this information will result in simplifications which 

ultimately will reduce the number of  unknown parameters. Noting that the only component  

of  velocity that exists in a continuous wind tunnel situation in the space-fixed coordinate 

system is -U** along the X axis, transformation to the aeroballistic axis system results 

in 

a - ~ - cos ~b sin 0 
I . I  

/3 - ,' - - s in  ¢ (9) 
U 

with rates of  change of a and /3 given by 

a = - ~  sin @ sin 0 + 0 cos & cos 0 

(1o) 

A comparison of  Eqs. (10) .and (4) makes it evident that for small pitch and yaw angles, 

,:t is approximately equal to 0. This of  course assumes that 0 and ff are of the same 

order, a valid assumption for bodies with axial symmetry  or with relatively small 

asymmetries. Thus, the rates a and /~ are approximate linear combinations of  the angular 

rates q and r and approach exact linear combinations in the limit as ~k and 0 approach 

zero. Moreover, in Section 5.1 it is shown that for reasonable levels of  measurement noise, 

the effects of  the rate terms a and ~ cannot be satisfactorily separated from the angular 

velocities q and r. Thus, to avoid over specification of  the aerodynamics, it is assumed 

that ct = el r and ~ = e2r where el and e2 are constants. This redttces the coefficient 

expansion as given in Eq. (8) to the form 

C i ( a , / 3 ; p , q , r  ) = C i ( a , / 3  ) + ,._.Lt ~ P C i p ( a , / 3 )  _ q C i q ( a , / 3 )  i - r C i r ( a , ~ )  3 (11)  
2U** 

where i equals Id, m, or n. 

In order to allow for a high degree of  versatility in the coefficient expansions in 

terms of  a and /~, while at the same time retaining functional simplicity, Taylor series 

expansions are made about a and /3 equal to zero for each of  the coefficients Ci, Cip, 

C,q, and Cir. Terms involving the magnitude o f  a and ~ have also been included in the 

expanded coefficients. Retaining terms cubic and lower in a and ~, for Ci(a,/~), and 

13 
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quadratic and lower for Cw, Ciq. and Cir, the expanded form of  the coefficients is given 

in Eq. (12). 

9 • 

C i ( a , f l )  = aio .t- all a -:- a ' i l  Ja'. + a i 2 a "  + a i 2 a  la ~ 

3 , 2 1 a i  + /3 + • i f31- , -  /32 -,- ai3 -4- a i3 ai4 a i4 ai5 

÷ a , i 5 l f l j ~  + ai 6 f13 + a.i6 i f l j~2  -,- a l .a /3  ÷ ~' ,71~1~ 

• 9 

+ ~i .~l /31 , a3•l=/~ I + a i 8 a 2  fl ÷ a i a a - [ / 3 1  

+ % ' 1 = : 3 1 = - , - a i 9 a f l  2 t - . ' i 9 1 a l : ~  -~ + a ~ • ~ l a ~ l  

C i q ( a ,  B) = hi0 + b i l a  r b] l  laJ + hi2 a 2  + b'i2 a [aJ 

+ b i3 f l  + hi3 1/31 + t,~afJ2 + b~4/:~J/3J + bisaf l  

C r ( a ,  fl) = C i o -  c i l a  + Oil ! a l  + ci2 a2  4- c i 2 a l a [ ,  

• ,82 • - c i 3 ~ . , .  c ~ a l ~ l  + ~ - ~i.t/31/3~ ~i5af~ 

• t t  l i t  I i 

Cip(U,  fl) rio - fil a + f" 2 r" ~la l  = xl l a l  + fi2 a - i2 

~ f , 3 ~ -  f~3L~l-t f ,4~ 2 - f~4f l l~ . - t  fisaf~ 

Here, the coefficients al, bl. ci, and f, are independent constants that are functions of  

the free-stream conditions (such as Mach number and Reynolds number) and body 

geometry. 

Further simplification of Eq. (12) is not possible unless flow-field symmetry arguments 
are employed. The primary justification for implementation of  the symmetry conditions 

is based on small angular motion about ~ and 0 equal to zero. Since the maximum angular 
displacement of  the 3DOF gas bearing system is 10 deg, flow-field symmetry that is 

compatible with geometric symmetry is implied. Thus, symmetry arguments as given by 
Maple and Synge, Ref. ! 5, are used to reduce the number of unknown constants in Eq. 

(12). To reduce the coefficients as given in Eq. (12) to those for a body symmetric about 

14 
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the x axis (see Fig. 3), two covering operations are required. A covering operation for 

mirror symmetry about the x, z plane is performed first and is followed by a covering 

operation for 90-deg rotational symmetry about the x axis. The mirror symmetry condition 

results in 

C,n(a ,  - f l ;  - p ,  q , - r )  = Cm(a ,  f l ;  p ,  q ,  r) 

C n ( a , - f l ; - p , q , - r )  = - C n ( a , f l ;  p,  q , r )  

C~ ( a ,  - f l  ; - p, q,  - r )  = -C_~ (a ,  fl ; p,  q ,  r) 

(13) 

Under the restrictions of  Eq. (13), the moment  coefficients as given by Eq. (12)reduce  
as follows: 

- a 2 " al~l C m t a ' f l )  = amo amla - ~ f . l  a l - , - " , . 2  - a:n2 

- -  P~m3~ ~ + a,r.3 a21al + a~,,¢1/31 - am5/32 

- " "  a 2 

a ~ n 6 , f l [ f l 2  + a:n'~Ta I f l '  - a , v . 7 l a f l l  + a~n8 [f l l  

""  t • , ~ 9  + a..n8 a f l l a  + am9af l2  + a m 9 ' a  I 

Cmq(a fl) = b , : ,O-  bmla  ~ b" . , . rall a 

+ b,n3 [ fl 

2 ~, , 
+ b,n2a + b ~2 a a I 

# 2  b'" a l # '  "'" + bma " mS , + b . , 5 1 a B [  

C,nr(a, #) = Cra3fl + C;n,tfl lf l l  , Cn, saJ~ + C m 5 l a ] f l  

C m p ( a ' f l )  = f ,n3 f l  + f~ .g# l# l  , fmsa, 8 + f" ms la l#  
(14) 

Ci(t;t ,~) = aio + a ,4~  + a i s ~ [ ~ l  + a i6~3  + a t7a  ~ 

• 2 f l  - -, a i v l a l f l  + area  + a i 9 f l [ a f l l  

C i q ( a ,  ~) = bia B + b~4fllfl [ t b i5a  ~ + b ~ 5 l a [ f l  

Cir " , , ( a , f l )  = Cio-! c i l a  + e i l . a  I + ci2 a 2  -,-. c i 2 a . a  ] 

+ c i31fll  + ei4.fl 2 - c i s a l f l '  - c i5 l a ~  

c ~ p ( ~ , # ~  = % , :  f i ~  - f ~ i , ~ l  ' fr~ ~ 2  " q 2 ~ ] ~ l  

- f~3l#  ~- fi4# 2 + f'" t"" isal#l + 15["#1 
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Here, i = n, £. The coefficient expansions as given in Eq. (14) are valid for asymmetric 

configurations with the symmetry plane of the body in the x, z plane of the body-fixed 
axis system. A 90-deg rotational symmetry requirement will result in a four-fold symmetry 
of the body. The four-fold symmetry coupled with mirror plane symmetry is sufficient 

for the specification of axial symmetry. A covering operation performed on a 90-deg 
rotation of the axis system results in the coefficient constraints as given in Eq. (15). 

Cn(# , -a )  = Cm(a, #) 

Cur(~,-a)  = Cmq(a,B) 

-Cnq(~,-a) = Crnr(a,~) 

C~ (B,-a) = C~ (a,/3) 
(15) 

-Cjq(/3, -a) = Cj~(a,/9) 

C~p(/9, -a) = C~p(a,/9) 

Cnv(/3.-a) = C:,p(a,/9) 

Employing these contraints with the additional restriction that, for zero spin rate, an axially 
symmetric body will have no moments in the plane normal to the total angle-of-attack 
plane, the aerodynamic coefficient expansions as shown in Eq. (16) will result. 

Cmo(a,~)/a = a ]  + ~' ; , ( ia l  + I B i )  + %(,.,2 + p2) + as la ,S  I 

C r n q ( a , ~ )  - c 5 ~  2 = b 0 + b i ( l a l  + I ,Sl)  + b2 ta '  + fl 2) + b '£ ' la,Sl  

Cmr(a,/9) = CSa/9 

Cmp(a,~)//8 = d a + d s l = l  + ,a41BI 

-Cno(a,~)/~ = Cmo(a,[3)/a 

Cnq(a,B) = Cmr(a'B) 

Cnr(a,p) _ c5 a2 = Cmq(a,B) - CsP 2 

CnpCa,/g)/a = d a + d~ 'BI  + d~ ' a l  

C~o Ca,/9) = eo 

c.~p(a,B) = fo + f~C. la l  + I f~ l )  + r2(a 2 " /3':') 

C,*r (a  B ) /  - " , ..a = g3 g s l B .  + g ; , l a '  

(16) 

s • 

C~(a,B)..."B -- g3 + g s l a l  + g 4 1 B ,  
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The above expressions as used in Eq. (1 1) yield the required moment  coefficients. 

it is important to note here that the expansions as given in Eq. (16) are not tmique 

in describing axially symmetric body aerodynamics. Indeed, other expansions, such as those 

in terms of  the total angle of  attack as used by Whyte (Ref. 16) and others, are also 

valid. The "correct" expansion of coefficients describing the aerodynamics of  a body, 

in the parameter identification sense, is that which yields the "best" fit to the 

experimental data and does not violate established symmetry constraints. With the 
establishment of  the required aerodynamic coefficients, the governing equations of  motion, 
Eq. (6), may be solved. 

3.2 FORMULATION OF PARAMETER EXTRACTION METHOD 

In order to determine the coefficients describing the aerodynamic model as given 

in Eq. (16) for axial symmetry or in Eq. (14) for mirror plane symmetry, a parameter 

extraction technique must be used. The 3DOF gas bearing as described in Ref. 1 yields 

angular position measurements in yaw, pitch, and roll which provide the experimental 

data necessary to extract the unknown parameters. In Section 1.0 the Chapman-Kirk 

method was selected as the parameter identification technique to be employed here. This 

technique is an output  error method and, as such, uses the method of  least squares to 

minimize the cumulative error between observed and calculated motion. 

Normally when one is fitting data with a least squares method,  the function to be 

fitted is given with constant coefficients that appear linearly in the function. This results 

in a set of  simultaneous linear equations that may be solved in a noniterative fashion 

for the unknown coefficients. For nonlinear functions, the coefficients must be evaluated 

by the differential corrections method. This technique provides corrections to improve 
the estimates of the unknown parameters and, as a result, is an iterative process. 

Since the 3DOF governing equations as given in Eq. (6) are nonlinear and the unknown 

parameters as given in Eq. (16) are complicated functions of  the Euler angles, ~b, 0, and 
ft. the differential corrections method will be used. Consider the problem of  fitting the 

3DOF motion of a model to known functions of  the unknown parameters. If the variables 

~m £. 0m £, and ~m £ are defined as the experimental values of  the roll, pitch, and yaw 
positions at each time point £. residuals (u~, v~, w~) yielding the difference between the 
measured and calculated data may be expressed by Eq. (17). 

,,.~ - O,  - O,,,L ( 1 7 )  
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Here. ¢~, 09, and ~9 are the calculated values of the roll, pitch, and yaw, respectively, 

which are functions of  a set of independent constants, a,. These constants are the 

aerodynamic coefficients to be determined as shown in Eq. (16). In order to determine 

the change in the coefficients. ~ai. required to reduce the residuals in the least squares 

sense, a Taylor series expansion of  the calculated solution is made. Expanding ~£, 09, 

and ~£, and discarding second and higher order terms and using the definitions as given 

in Eq. (17), one obtains Eq. (18). 

N¢. 
06 t 

I = 1 

V~ "I O l n t  I ~ o  "I 

N C 

i - -  1 

(18) 

N¢. 

The functions ~£o, 09~, and 49o correspond to the values of  ¢)£, 09, and ff~, respectively, 

evaluated at each time point for the given constants ai. and Nc is the total number of 
parameters a, to be determined. The best fit of  ~£, 0Q, and ¢£ to the experimental data 
is established by minimizing the sum of the squares of  the residuals for all time points 

considered. Thus, 

N N \ 

- R zL-~ 

,)' (z -t ,.'_\d- P2i~ - 112 + 'II~ll P 3 i i  - 113 

I= 1 '=  1 

(19) 

is subject to the minimization condition as given in Eq. (20). 

N 

aA., 
t 1 = 1  

= 0  

where 
a¢z ' P2  P i i~  = ~ i I  = 

ae,  

(20) 

\ 
\......, 
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N is the total number of  time points considered, and 

I l l L  - 6 , : , ,  - 6 ~ o  • RV.  = Omz - O~o" ! 1 3 ,  - "~-.~ - .~ to  

Performing the indicated partial differentiation in Eq. (20) and combining terms results 

in 
Cij An i = I) 

(21) 

where C d is a symmetric (No x No) matrix of parametric influence coefficients given by 

N 

Ci.  = ~ ( P I ~ P ] I ~  - P2ii, P2.~ - P3 , . tP3 j . , )  
g = l  " " 

and Dj is a residual influence matrix with the form 

(22) 

N 

I)j = Z ( I i l t P ] j *  - l |25P2j$ + RasP3I~ )  
$-J  

(23) 

(21) is linear in Aa, it may be inverted, yielding the required correction to Since Eq. 
the coefficients, al. Thus. given a set of  initial estimates for the independent constants, 

determination of  Aai will result in corrected values of  al which will cause the computed 

motion to more closely approach the experimental data. In the limit of  no process or 

measurement noise, iteration on ai will provide the best fit in the least squares sense 

of  the computed to the experimental motion. 

Implied in this development are two important facts that can seriously disrupt or 

destroy the convergence of  ai to the "best" values. If measurement noise exists, the 
definition of .the residuals. Eq. (19), assumes that the dependent variables $, 0, and 

have the same relative uncertainty. For practical applications, the relative uncertainty of  

the measurements $. 0, and $ may differ by as much as an order of  magnitude. This 

effect can be accounted for in the parametric influence coefficients by redefining Cij as 

and Dj as 

,~.~1 ( P P2~I' P2 J/' P31"~P3Jl ) (24) C ij = I i~ P I j ,  t 4- 2 

N (11 P] 
Dj = ~ i t  2 J~ 

,~=l O'~ 

]t2~tP2j ~ J- II.~P3j~ 
2 ) (25) 
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where o~. o0, and off are the standard deviations of  the relative uncertainty in the roll, 
pitch, and yaw measurements, respectively (see Ref. 17). Also implied in Eq. (18) is  the 

assumption that the coefficients (ai) used to generate ~ o ,  0~o, and ~£o are close to 
the best values. If a significant difference exists between the initial value of  the coefficients 

and the actual or best values, the expansions as given in Eq. (18) are not valid and will 

result in divergence of the corrections, Aai, or convergence on invalid solutions. The 

closeness of the initial values of  the coefficients to the best values for correct convergence 

is a function of  the character of the motion fitted. 

As stated previously, in the absence of  measurement or process noise, correct 

application of  the differential corrections method will yield parameters with no relative 

error. In the presence of  these noise sources, however, bias may be introduced into the 

converged parameters. According to Ref. 18, for statistically random measurement noise 

in the data, it may be shown that the root-mean-square (RMS) deviation between the 

experimental data and converged solution is given by 

I N  
~ /  ( . .. 2 

t.; = L --~ a'2~"°6 

\ 
t- 12,G' o¢~ -t- .':o ,¢,} 

3 ( N -  1) - I g  + ] 

with the corresponding RMS error in each of  the coefficients, 8ai, equal to 

(26) 

_ _r'L'--- (27) ,~,,, = r,: N/H~ 

where BL represents the diagonal components of  the inverse matrix of  Cij. Equations (26) 
and (27) provide mathematically rigorous estimates of  the measurement-noise-generated 

RMS deviation in the coefficients and solution. They do not. however, give reliable 

estimates of the RMS deviation or error for measurement noise that is not statistically 

random, noise which may result when 'data  time samples are too small, or for process 

noise caused by inappropriate aerodynamic modeling. 

The differential corrections method just presented requires the value o f  each of  the 

partial derivatives, as illustrated in Eq. (18), at each time point. Previous users of  the 

differential corrections method such as Eikenberry (Ref. 2) relied on the use o f  analytic 

solutions for the angular motion to generate the required partial derivatives. Since the 

equations of motion as used here are highly nonlinear and cannot be solved in closed 
l • t form, the values of  the influence coefficients (~O, aai, a01aai, and 3~laai )are  determined 

by numerically integrating a set of  parametric differential equations. These equations are 
derived by differentiating the governing equations of  motion with respect to each 

parameter, al. and inverting the order of  differentiation. Performing the indicated operations 

on Eq. (6) results in the following: 

20 



A E DC-T R -78-10 

+ Mai tan 0 + ~]zP2i  see'2 0 + (2 - R) ((JI')3, + ~ib2i) tan O sin 0 

4- (2 - R) .~OP2i sin 0 (1 - see 2 0) , ROlS l l  tan 0 

+ R ~ P 2 i  tan 0 t - R ~ O P 2 i  see2 0 

P2i = M2i - 2 (1 - R )  ~l~3i sin O cos 0 - (1 - I0 ~,2 P2i (1 - 2 sin 2 O) (2S) 

- R~]51 i  cos  0 - R ~}53i cos  0 ~ R ~b'~P2,  sin 0 

.'- (2 - R) ~ ,0P2 i  se, '2 0 + R0 [51 i  see 0 + R .~0 tan 0 see 0 P2i 

+ R ,~f'21 s¢~ o 

A A 

OM x aMy 011 z 
where Mli = 0-~i  , M2i ~ --aai and M3i =--i)ai are evaluated in a similar manner through 

the moment  expansions. The above equations are second order and, thus, require two 

boundary conditions for the evaluation of  each influence coefficient. These are obtained 

from the boundary conditions on the angular motion given by 

,6(0) = , ~ . _ . ~  

,~(0) = ~._,~ 

0(0) = aN _ 3 
(29) 

(o)  = % o - :  

,O(0) = a~ 
c - - I  

,6 (o) = , ,~  o 

If one differentiates the boundary conditions given in Eq. (29), the boundary conditions 

on the governing equations for the influence coefficients may be derived. 

='t 
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Pt ,  (0) = 3.~ - 5 , i  

]51i(0) = ~ N e _ 4 ,  i 

P2i  (0) = ~N - 3 , i  
c 

1591 (01 = ~SN -2  

P3i(0) = 8 N c - I "  

P3, (0) = 3N ,i  
c 

(30) 

Here />ij is the Kroneker-Delta function with /i,j = ! for i = j and 5,j = 0 for i 4: j. 

In order to utilize the differential corrections method to extract aerodynamic coefficients 

of  interest, one must solve the governing angular motion equations and parametric 
t 

differential equations simultaneously. With the angular motion and influence coefficient 

solutions determined for a given set of  initial coefficient values, corrections to the 

coefficients are evaluated throt, gh Eq. (21). For example, if there are thirty coefficients 

to be identified [which include, generally, both the boundary conditions, Eq. (20), and 

the aerodynamic coefficients, Eq. (16)1, a maximum of  186 differential equations must 

be solved simultaneously. 

4.0 DESCRIPTION OF COMPUTER PROGRAM 

The computer  program as described here extracts aerodynamic coefficients from 3DOF 

data defined by the measured yaw. pitch, and roll angles as a function of  time. The code 

is based on the Chapman-Kirk technique as detailed in Section 3.0. Both symmetric and 

asymmetric versions of  the program have been developed and are listed in Tables 1 and 

2. 

The symmetric version is written in double precision Fortran IV for use on the IBM 

3701165 computer.  In the form listed here, core requirements are 164 K bytes using the 

G compiler. As many as 30 coefficients may be extracted from 3DOF data with actual 

computation time proportioned to r as shown in Eq. (31). 

r ~, n ( N  e + 1) tn:ax..."At (31) 
J 

Here n is the number of  iterations, N~ is the total number of  constants varied, tmax 

is the total integration time, and At is the integration time interval. 

The program is written in a logical sequence so that changes in internal program 

structure such as alteration of  the functional form of the moment  coefficient expansions 
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can be made easily. A flow chart showing the important logic and branching points is 

provided in Fig. 4. Table 3 contains a brief description of  each of  the subroutines employed 

in the code. 

The asymmetric version of  the code is functionally the same as the symmetric version. 
Only the core requirements, coefficient arrays in the main program, and subroutines directly 

involving the kinematic or dynamic equations for the 3DOF motion are altered. Core 

requirement for the asymmetric program is 266 K bytes when the G compiler is used. 

In addition, up to 72 coefficients can be extracted from 3DOF data using this version. 

In both programs, integration of the kinematic, dynamic, and parametric differential 

equations is performed with a fourth-order Runge-Kutta, fixed time step scheme. The 

coefficients to be extracted from the data are reiterated as outlined in Section 3.2 until 

convergence is achieved. Convergence is assumed when consecutive iterations yield a change 

in the probable error of the fit less than a specified error bound. 

4.1 INPUT 

The input information necessary to execute either version of the coefficient extraction 

program is very similar. The actual 3DOF experimental data to be analyzed is input to 

both programs through a direct access input file. Data are stored in this file in 1,003 

word records, in which the first three words define the data group number, data block 

number, and data type indicator, in that order, and are integers. The data type indicator 

def'mes the variable being accessed and may take on values from one to four corresponding 

to arrays of  time, ~ versus time, 0 versus time, and ~b versus time, respectively, all o f  
which are single precision variables. 

The initial values of  the coefficients and the parameters providing branching 
instructions and body and flow-field information are input using namelist statements. No 

default value is provided in the program for required variables not defined in the initial 
namelist statement. The namelist input format was used to provide versatility in 

constructing sequential runs by updating prior information. Table 4 gives the namelist 

variables, their meaning, and their nominal values needed f i r  execution of  either the 

symmetric or asymmetric coefficient extraction program. 

4.2 OUTPUT 

Output variables as used in both the symmetric and asymmetric programs are similar 

and are compatible with input variable definitions. Only portions of  the output  data from 

a typical run which are not self explanatory will be discussed. 
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During normal data reduction using either program, each iteration of the parameters 

(aerodynamic coefficients and boundary conditions) is listed with the corresponding change 

in the parameter (DELTA CON) according to the theory of Section 3.2. The variables 

defined as the new and old probable error are the previous and present values of the 

RMS deviation between the experimental data and converged solution, respectively, as 

defined in Eq. (26). The sum of the residuals is defined--ks follows: 

• J • ' •  2 2 n2 2 R2 /_2 Sum of R e s i d u a l s  - Rl~/Od,  + n2~/:o 0 + 3g t 
7 " -  

(32) 

The iterations are continued until convergence of the solution, as discussed in Section 

4.0, is achieved or until the input value of the maximum number of  iterations is reached. 

The final values of the parameters are then listed along with corresponding values of  the 

RMS error in each coefficient as defined in Eqs. (26) and (27). A comparison of the 

fit of the theoretical solution (denoted by FIT) to the experimental data (denoted by 

EXP) is also shown. The theoretically generated solution of ~ and 0 (denoted by PSI and 

THETA, respectively) and the difference between the theoretical and experimental values of 

and 0 (4 - ~m = PSI - PSIM, 0 - 0m -- THETA - THETAM) are stored for later use as data 

for graphical output. 

5.0 RESULTS OF VALIDATION TESTS 

Verification of the improved parameter identification technique as presented in 

Sections 3.0 and 4.0 requires, in addition to checks on the program using 

computer-generated motion, an assessment of the measurement and process noise inherent 

in the gas bearing and in typical tunnel test data. This is necessary since the "best" 

coefficients, as produced by output error methods such as the one discussed here, are 

directly influenced by the cumulative effects of modeling errors and measurement noise. 

Thus, this section addresses three areas concerned with validation of the improved 

coefficient extraction technique: numerically-generated 3DOF motion, including Gaussian 

noise, is employed to simulate measurement noise effects on the probable error in extracted 

coefficients; a bench test is used to assess the accuracy of the 3DOF measurement system; 

and 3DOF data taken in Tunnel A are used to indicate some of the capabilities of the 

parameter identification technique. 

5.1 COMPUTER-GENERATED MOTION 

In order to arrive at the final form of the aerodynamic coefficients as given in Eq. 

(14) for the asymmetric and Eq. (16) for the symmetric analysis, the a and ~ coefficients 

were linearly combined with the q and r rate coefficients, respectively. This was a direct 
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result of  similarity of the a, q and /3, r relations [(see Eqs. (4) and (10)] in terms of  

the Euler angles. In order to verify this hypothesis, 3DOF motion was generated both 

with and without noise with the a and ~ coefficients included. The initial conditions and 

parameters employed to specify the motion are listed below. 

S = 0.390 ft 2, Ix = 0.0372 slugs-ft 2, I = 0.244 slugs-ft 2 

Cma = -0.236 l/rad, Cmq = -1.762 l/rad, Cm;, = -0.881 l/rad 

@o = 0, do = 641 deg/sec, 0o = 5.18 deg, 0o = -26.356 deg/sec 

~bo = -2.589 deg, ~o = -7.77 deg/sec 

U** = 4,774 ft/sec, q** = 150.4 lbf/ft 2 

The symmetric version o f  the parameter identification program was used to extract the 

variables listed above from tile generated data. The parameters Cm q and (~m ,i were both  

extracted with nominal values of-1 .74-  per radian and -0.90 per radian, respectively, and 

RMS deviations of  ---0.05 per radian. This deviation is a measure o f  the character of  data 

fitted and the numerical accuracy of  the program. Gaussian noise with one standard 

deviation equal to 0.01 deg was then added to the generated values of  @, 0, and ~. With 

noise added, Cmq and Cma were both extracted from the data and yielded values of  

-5.87 per radian and 3.2 per radian, respectively, with RMS deviations o f  -+ 18 per radian. 

The noise added is representative of  the levels of  measurement noise inherent in the 3DOF 

measurement system. Moreover, the motion examined contained only linear aerodynamics. 

This should have resulted in the smallest RMS deviations of  the extracted coefficients 

as influenced by modeling. Thus, based on the results of  this example, it is not feasible 
to separate the effects of  Cmq and Cm,; from typical 3DOF measurements where 1-a 
naeasurement errors are 0.01 deg or higher. 

The definitions of  a and /3 can also play a role in the extraction of  the "best" 

coefficients for a given set of  3DOF measurements. In Tobak's developments, Ref. 14, 
a and /3 were defined as 

t,..., ~ (33) 

Much of  the past work, however, has employed a and /3 in terms of  the angle of  attack 

and sideslip leading to .  

a a  = t a n - ]  w ~ - ~ = | l l n  - I  _ 
l] ~.I U (34) 
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Written in terms of  the Euler angles in the aeroballistic axis system, tzv, ~v may be related 

to aa, /3a, resulting in 

a a  = a v  1 ~. 1 a v  + o . o 
6 c o s  3 ~b 

oo.~ 0 cos ~ 3" co.~ 3 0 ~o.~ 3 

(35) 

Thus, for small values of O and 4, aa ~ av and /3a "~/iv. Over a large number of  cycles 

of  data, the cumulative effect of  these small differences will appear as higher order terms 

in the coefficient expansions [compare Eqs. (35) and (16), for example]. Both definitions 

of a and /3 as given in Eqs. (33) and (34) have been incorporated in the parameter 

identification programs as developed here. Comparisons of  generated data using the two 

definitions of  tz and 13 were made which confirmed the results derived from Eq. (35). 

The accuracy and validity of generated 3DOF motion from the programs as listed in 

Tables 1 and 2 were examined through comparison with results from an existing 6DOF 

code, Ref. 19. Calculations were made using the 6DOF code and the asymmetric program 

as described in this report for two sets of  initial body and flow-field conditions as listed 

below. 

CHECK CASE 1 

S = 0.3898 ft 2, d = 0.7038 ft 

ly = lz = 0.2444 slugs-ft 2, Ix = 0.03723 slugs -ft 2, lxz = 0 

U** = 4,774 ft/sec, q** = 364.66 lbf/ft  2 

Cma = -Cna = -0.2355 1/rad, Cmq = C n r  = -2.6434 l /rad 

Cl~p = -0.00745 1 [rad, 

Oo = 5.18 deg, Co = -2.589 deg, ~o = 0, Po = 641.7 deg/sec 

qo = -26.356 deg/sec, ro - - -7 .735 deg/sec 

CHECK CASE II 

S = 1.228 ft 2, d = 1.25 ft 

Is = lz = 700 slugs-ft 2. Ix = 20 slugs-ft 2, Izx = -100 slugs-ft 2 
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U. = 1,500 ft/sec, q** = 675 Ibf/ft 2 

Cma = -Cnt~ = 16.7132 I/rad 

0o = 5 deg, ~o = 5 deg, 4o = 0, Po = qo = ro = 0 

Typical results of  the calculations are shown below and indicate excellent agreement 

between the two codes in the computed values of 4, 0, and ~. 

Results: Check Case I 

t , 

s e c  

Present 3DOF Code 30 

6DOF Code (Ref. 19) 30 

O, +, 4, 
de~ de~ de~ 

-4.270 0.702 -23.798 

-4.2704 0.7001 -23.762 

Results: Check Case II 

t,= 

s g c  

Present 3DOF Code 19.90 

6DOF Code (Ref. 19) 19.90 

o, 4, 
de~ deg deg 

-0.429 5.388 25.766 

-0.4289 5.3883 25.7659 

To attain the best possible coefficients from 3DOF data with measurement noise, 

the quantity and character of  the data sampled are of  fundamental importance. A less 

than optimum data sample will yield extracted coefficients with high RMS deviations or, 

in some cases, lack of  convergence of the solutions. The extraction of  opt imum coefficients 
was studied using the generated motion as discussed previously with 0.05-deg, 1-o Gaussian 

noise added to the data and Cm ;, = 0, Cmq = -2.64 per radian where o is one-standard 
deviation. Table 5 shows the results of  this study where the RMS deviation in percent 

of Cmq is shown as a function of the number of  data points per cycle of  data and the 

total number of cycles of data analyzed. From this table it may be generally concluded 

that accuracy in the extracted value of Cmq is improved faster by increasing the data 

sample size than by increasing the number of points per cycle. This same trend and the 

rate of  improvement of the extracted parameter was also found to hold true for Cm,, 

and, moreover, for the nonlinear expansions of Cm,, and Cmq [see Eq. (16)]. 

The effect of the magnitude of the measurement noise on the extracted coefficients 

was examined by generating noisy 3DOF data for the same conditions as previously used 

27 



AEDC-TR-78-tO 

but with Cm=~2 = 5.81/rad 3, Cmq = -4.0 per radian, and Cmq82 = 98.5/rad 3. The 
symmetric version of the parameter identification program was used and yielded the results 
shown in Table 6. Here the extracted parameters and their RMS deviation are shown 

as a function of  the measurement noise added to the generated values of  ~, 0, and ~. 
The generated data analyzed contained 40 cycles of  data with 20 points per cycle. Initial 

parameter estimates were set at Cma = -0.2 per radian and Cmq = Cmq6 2 = Cma 8 2 

= 0. Typical plots of calculated 0 and ~ values versus time for a measurement noise 

level of o = 0.05 deg are shown in Fig. 5. Residuals showing the difference between 

the generated data with noise and the calculated values of  0 and ~b and graphs indicating 

the fit of  the computed solution to the generated data are also provided. 

Two important conclusions may be drawn from the magnitude and variation of  the 

RMS deviation of  each of  the coefficients in Table 6. It is apparent that the magnitude 

of  the RMS deviation is approximately a linear function of  the measurement noise level 

denoted by o. In addition, t h e  magnitude of  the deviation appears to be a good estimate 

of  the actual error in the values of  the extracted coefficients. This result is, in fact, 

verification of  those statements made in Section 3.2 concerning the theoretical meaning 

of  5ai [Eq. (27)1. 

5.2 BENCH TEST DATA 

The previous section discussed the effects of  measurement noise on the extracted 

coefficients. The noise source considered was Gaussian and random in nature. 

When 3DOF motion including Gaussian noise is viewed in the frequency plane, the 

noise contributes no distinct frequencies or regions of  high spectral density. In most cases, 
however, the effect of  modeling noise on the extracted coefficients is more pronounced 

than the effect of measurement noise. Most modeling sources occur over finite spectrums 

with median frequencies occuring near aerodynamic frequencies of  interest. Moreover, in 

such regions modeling noise may have high power levels which may be the same order 

of  magnitude as noise caused purely by aerodynamics. Thus, a critical assessment of  the 

important modeling errors present in typical 3DOF data must be made to gain the opt imum 

capabilities of  the improved parameter identification technique. 

Some of  the important categories of  modeling noise are 1) incorrect  aerodynamic 

modeling of the specific configuration, 2) modeling errors introduced through the effects 

of  tunnel flow nonuniformities, and 3) errors associated with nonlinearities and coupling 

effects caused by the gas bearing. This section will consider modeling errors due to the 

gas bearing only. 
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The VKF spherical gas bearing as described in Ref. 1 provides a nearly frictionless 

pivot in roll, pitch and yaw, and thus is ideal for 3DOF motion simt,lation. Model 

oscillations of  up to 10 deg in the combined pitch, yaw plane and unlimited roll orientation 

are possible using this mechanism. Figs. 6 and 7 are photographs of the gas bearing 

assembly. Details of the balance mechanism and the angular measurement system are shown 

in Fig. 8. Pitch and yaw angular displacements are measured using an eccentric as shown 

in Fig. 7 positioned on the outer race of  the bearing and two pairs of orthogonal E-cores 

fixed on the bearing instrument ring. Motion in pitch or yaw causes a change in the 

distance between the eccentric and the E-core surfaces. The accompanying change of  the 

reluctance of the E-cores provides an analog signal proportional to angular displacement. 

The measurement of  roll position is made using light-emitting diodes and alternating 
reflective and nonrefleetive lines affixed to the eccentric as shown in Figs. 7 and 8. 

The measurement of angtdar position in pitch and yaw using the gas bearing is affected 

by two sources of error. During calibration, adjustments to the bearing are made so that 
tlze E-core output  varies approximately linearly with the actual angular displacement. 
Calibration factors are then established for both the pitch and yaw n~easurements using 
a linear least squares curve fit. Although this approach provides a very simple and fast 

technique for reducing raw data into angular displacements, it can introduce error into 

the resulting measurements. Nonlinearities on the order of 0.02 deg or less for pitch and 

yaw measurements of up to +5 deg are typical for bearing calibration. For pitch or yaw 

measurements approaching 8 deg, the nonlinearity generally increases in magnitude, 
reaching values as high as 0.1 deg. 

An additional source of error is the interaction of roll position on the pitch and 

yaw measurements. This effect is most probably a result of  the machining tolerances of 
the eccentric and the alignment of the E-cores and has been found to change tbllowing 

reassembly of  the bearing. A systematic investigation of  this interaction effect was 

conducted to provide the variation of the measured pitch and yaw angle with roll position. 
Some typical results of  this investigation are shown in Figs. 9 through 12. Data were 

taken of the variation in ff and 0 as a function of ~ and the total angle in the vertical 
plane for sting roll positions in 15-deg increments. Accuracy of the measurements is within 

-+0.01 deg in 0 and ~. The sting roll position, gZ, and total angle of attack, /J, are related 
to the Euler angles for q~ = 0 as follows: 

¢5 = ~]sin 2 ~ ,- c o s  = .~ sin 2 0 ( 36 )  

tan • - s in  .0 ( 3 7 )  
uc,.', .'0 s i n  ,9 
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Figs. 9 through 12 reveal some important facts concerning the roll interaction effect upon 

/9 and ~ measurements. With reference to these figures, the magnitude of the correction 

approaches 0.1 deg for practically all combinations of 5 and $2. In addition, there is 

significant variation of the correction as a function of  ~ with no apparent symmetry about 
particular sting roll positions. If the interaction was caused by imperfections in the eccentric 

only, symmetry should have appeared as evidenced by matching corrections as a function 

of  # in 90-degree sting roll positions (compare Figs. "9, 11, and 12). Apparently the E-core, 

bearing alignment, and eccentric imperfections all play a major part in the lack of symmetry 

of  the roll interaction effect. 

In addition to the modeling or process noise resulting from the roll interaction effect 
and from the methods used for bearing calibration, process noise due to bearing moments 
can also be present in typical 3DOF data. These bearing moments are small and highly 

nonlinear and vary with the bearing gas pressure. A special pendulum designed for the 

gas bearing was used to study nonlinear bearing moments and their effect on 3DOF motion. 

Assuming that no aerodynamic moments act on the pendulum, the only moment  caused 
by the pendulum is that resulting from the cg displacement from the vertical axis as 

depicted in Fig. 13. Then. in the aeroballistic system, it may be shown that 

M = - ~ ' ~  c o s f f  s i n O  
Y (38) 

A 

M z = - ~  t s i n  .,~ 

where £ is the distance between the bearing pivot point and the pendulum center of  mass 

and W is the pendulum weight. Comparison of  Eq. (38) with Eqs. (9) and (16) yields 

al --- -W£/q..Sd. Geometric properties of the pendulum and assumed conditions for data 

analysis are listed below. 

Weight = 10.38 lbf, Ix -- 0.0305 slugs-ft 2 

ly = Iz = 0.04747 slugs-ft 2, £ = 0.058 ft 

S = 0.3975 ft 2, d = 0.7092 ft 

U** = 1 ft/sec, q ,  -- 0.5 lbf/ft2 

Experimental ~, 0, and ~ data were taken using the configuration as shuwJ, ,n Fig. 

13 for variations in the beating pressure, total angle of  attack of  the pendulum, and roll 

rate. For low bearing pressure equal to 100 psi, analysis of  the 3DOF data resulted in 

excellent fit of the linear moment  distribution as given in Eq. (38). Typical plots of  the 

resulting solution and the residuals in both 0 and ~ are shown in Fig. 14. Analysis was 
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performed employing the symmetric version of the coefficient extraction code, Table 1, 

yielding an equivalent Cm a of -3.70 1/rad. With reference to Fig. 14, all residuals are of  the 

same level as measurement errors caused by the roll interaction effect discussed earlier. 

In addition, a small rolling-moment coefficient, C£o = -0.79 x 10 -4 1/rad, was extracted 
from the data. 

As the bearing pressure was increased, the resulting 3DOF motion became highly 

nonlinear. Large differences in the equivalent Cm a for small compared to moderate angles 

of  attack were detected. The extracted values of  the equivalent Cma for the moderate 

and small angles of  attack were -3.79 1/rad and -] .32 1/rad, respectively. The corresponding 

roll moment  coefficient increased from -0.000079 1/rad for moderate angles to -0.00121 

l/rad for small angles. Thus, as bearing pressure is increased from 100 to 400 psi, the 

bearing-induced roll torque increases by an order of magnitude f rom-1.1  x 10 -5 ft-lbf 
t o - 1 . 7  x 10 -4 ft-lbf. 

Figures 15 and 16 show the fit of the computed solution to the experimental data 

for a bearing pressure of  400 psi at moderate and small angles of  attack, respectively. 
The moderate angle-of-attack data exhibited large deviations from motion produced by 

the moments  as given in Eq. (38). This is evident when the magnitude and character 

of  the residuals as given in Fig. 15 are compared to those for low bearing pressure, Fig. 

14. The results of  the small angie-of-attack data, Fig. 16, indicate good agreement between 

the data and the computed solution based on the moment  expressions as given in Eq. 

(38); however, the magnitude of  the equivalent Cm = is a factor of three smaller than the 
expected value. 

Thus, for normal operation of  the gas bearing at bearing pressures of  400 psi, nonlinear 

moments,  near ~ and 0 equal to zero, induced by the bearing arepresent  in typical 3DOF 

data with magnitudes proportional to My = 0.330 a ft-lbf and Mz = -0.330/3 ft-lbf. As 

bearing pressure is decreased from 400 psi, nonlinear bearing-induced moments  are 
substantially reduced. For a Math number 4 test environment with q** = 460 psf and 

a slightly blunted sphere-cone with reference dimensions of d = 0.7 ft and S = 0.35 ft 2, 

the contribution of  the bearing-induced moment  at 400 psi operating pressure is on the 

order of 1 percent of the modei aerodynamic p i t t i n g - m o m e n t  coefficient with Cm = = -0.22 
1/rad. 

The previous discussion has revealed the existence of pitch and yaw measurement 

errors caused primarily by the roll interaction effect. In addition, there are errors present 

in the roll position measurement. The accuracy with which roll position can be measured 

is directly influenced by the number of  alternating reflective and nonreflective lines on 
the eccentric (see Figs. 7 and 8). Currently, a change in roll orientation is sensed every 

two degrees by the digital system. Thus, for moderately high roll rates compared to the 
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median frequency in the pitch-yaw plane, a roll uncertainty of  -+ 1 deg appears in the 
data as approximately random noise. As the roll rate is decreased toward the median 

pitch-yaw plane frequencies, the roll uncertainty appears less random and can introduce 

significant errors in extracted coefficients depending on the duration of the data and the 

character of  the motion to be fitted. 

5.3 TUNNEL A EXPERIMENTAL RESULTS 

In Sections 5.1 and 5.2, errors associated with the gas bearing measurement sy_stem 

were examined. The ability to extract correct aerodynamic coefficients (up to +-0.1 deg 

in pitch and yaw) in the presence of random measurement noise caused by the gas 
bearing was shown to exist. Even though these errors are not random, successful 

analysis of  low bearing pressure bench test data indicates that these measurement errors 

for linear systems may be treated as random measurement noise. The successful application 

of  the parameter identification method as developed here, however, also strongly depends 

on the precise definition of  process noise associated with tunnel flow nonuniformities. 
Depending upon the exact form of  these flow nonuniformities, extracted aerodynamic 
parameters with large bias may result. In order to examine the ability of  the present 

method to extract "correct" aerodynamic coefficients from typical wind tunnel results, 
3DOF data were taken in the AEDC-VKF Tunnel A at a Mach number and Reynolds 

number of  4.02 and 3.6 million per foot, respectively. 

Tunnel A is a continuous, closed-circuit, variable density wind tunnel with an 

automatically driven flexible-plate-type nozzle and a 40- by 40-in. test section (Fig. 17). 

The tunnel can be operated at Math numbers from 1.5 to 6.0 at stagnation pressures 

from 29 to 200 psia, respectively, and at stagnation temperatures up to 750°R 

depending upon Math number and pressure level. Minimum operating pressures range 

from about one-tenth to one-twentieth of the maximum at each Math number. The 

tunnel is equipped with a model injection system which allows removal of  the model 

from the test section while the tunnel remains in operation. 

The configurations tested were a 6.7-deg sharp and 6.7-deg spherically blunted cone 

with mass and geometric properties as listed below (see Fig. 18). 

d = 0.6667 It, S = 0.3491 ft 2 

cg location = 12.00 in. from model base 

sharp cone: Ix = 0.0301 slugs-ft 2, ly -- 0.2583 slugs-ft 2, Iz = 0.2565 slugs-ft 2 

sphere cone: Ix = 0.0304 slugs-ft 2, I~ = 0.2519 slugs-ft 2, Iz = 0.2514 slugs-fQ, 

dn/d = 0.2275 • 
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These two configurations do not sufficiently challenge the analysis capabilities of  the 

asymmetric or symmetric program in terms of  model aerodynamics. They do, however, 

provide baseline data on bodies whose aerodynamics are known. This information may 

be used to assess the influence of small tunnel flow-field nonuniformities on the sensitivity 
of  the coefficient extraction technique. 

The data analyzed are shown in Figs. 19 and 20 where the variables ~, 0, and 

are plotted against time. Figure 19 shows typical data for the sharp cone model. 

Sphere-cone results are given in Fig. 20 with initial conditions similar to those for the 

sharp cone. Comparison of 0 and ~ versus time in Fig. 19 shows unexpected frequency 

variations and damping effects normally not associated with motion of  a sharp cone. For 

the flow-field and body constraints listed above, analysis of  the sharp cone data should 

yield symmetric aerodynamic coefficients with 

-Cn/3 = Cma = -0.23 l/rad, Cma62 = -Cn~62 = -1.13 l/rad 3 

Cnr = Cmq = - 5 . 5  l/rad, C~p = -0.0081 1/rad (Ref. 20) 

Analysis of  the data as given in Fig. 19 was made using the symmetric program assuming 

linear aerodynamics and no flow-field-induced process noise. Analysis of  8.44 see of  the 
data resulted in extracted coefficients with 

Cm~ = -0.225 l/rad, Cmq = "6.0 1/rad 

with RMS deviations in the coefficients of 

E(Cma) = 0.0003 1/rad, E(Cmq ) = 0.23 l/rad 

Comparison of the extracted with the corresponding expected value of  each of  the 

coefficients reveals good agreement which is reflected in the size of  the calculated RMS 

deviations. However, examination of the residuals and the fit of  the calculated solution 
to the experimental data as shown in Fig. 21 does not substantiate the validity of  these 
coefficients. 

Correct aerodynamic coefficients will not be extracted from the sharp cone data until 

the process noise in the experimental data is properly modeled. Tunnel-fixed flow 

nonuniformities are the most probable source of the process noise causing the poor fit 

of  calculated and experimental data. Thus, as a first approximation in the modeling of  

the process noise, tunnel-fixed stiffness and damping moments that may differ in both 
the X, Y and X, Z planes are assumed as shown in Eq. (39). 
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My T = q , , S d ( t  10 + d t 2 ~ )  
2 I J  

MzT = q.~ Sd(t3 "6 + ~ t4 ~;) (39) 
• 2 U  ' 

In the aeroballistic and body-fixed axis systems, the moments as given in Eq. (39) transform 

tO 

~"l x = My T s in .~  cosO - r~lzT s inO 

Fly = My T cos ~b (40 )  

~'1 z ffi My T sin ~b sin 0 + MzT cos 0 

~.1 x = My T sin ~b cos 0 - MzT sin e 

My = My T cos ~b cos  ~b + (My T sin ~ sin 0 + MzT cos 0) sin c~ (41) 

M z = - rdvT c o s ¢  s i n f f  + (M)T s i n ¢  sin '0 + MzT c o s 0 )  c o s ~  

Thus, tunnel-fixed flow effects as described by Eq. (39) may be extracted from 3DOF 
data using the symmetric or asymmetric programs by including the moment expansions 
as given in Eqs. (40) and (41), respectively. In the presence of other unknown process 

noise, it is not possible to extract the coefficients t l ,  t2, t3, and t4 and the linear 
aerodynamic damping and pitching-moment coefficients simultaneously from 3DOF data. 
This is due to the overspecification of the linear stiffness and damping effects in the 

moment expansions. This may be shown by considering the linear stiffness terms for 

moments about the y axis in the body-axis system. A parallel derivation may be shown 
for the damping terms. If one substitutes Eq. (39)into Eq. (41), neglecting terms involving 

sin ff sin 0, and uses the results of Eq. (14), Eq. (42) results, as follows: 

C m = t I 0. cos ~ cos ff + t 3 '6 cos 0 sin ff (42) 

+ am l ( s i n ' 6  s i n &  + c o s ' 6  s i n 0  cos .~) + . . .  

If one expands terms involving ~ and 0 in Eq. (42) and rearranges, Eq. (42)reduces 

to 

Cm = (t I a_ aml ) 0 cos ~ ~- (t 3 + a m l ) , ~  sin ~ + . . .  (43) 

Examination of Eq. (43) shows that the coefficients am 1, t l ,  and t3 for small angular 

motion are not independent. Thus, only two of the three parameters (aml, t l ,  and t3) 
can be extracted from 3DOF data simultaneously. Attempts at extracting all three 

coefficients will lead to divergence of the iteration scheme in the parameter extraction 
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technique. As stated previously, similar constraints on the stiffness and damping coefficients 

in 'the aeroballistic axis system and on the damping coefficients in the body-fixed axis 

system may be shown to apply. 

In addition to the tunnel-fixed stiffness and damping effects, constant bias in the 
measured pitch and yaw displacements may also be present. These can be caused by 
imprecise alignment of the zero yaw/pitch axes with respect to the tunnel-fixed axis and/or 
flow nonuniformities causing tunnel-fixed trim moments. This effect has been included 
in the form of artificial flow angularity corrections in the pitch and yaw planes (0T and 

~/I, respectively). 

The asymmetric parameter identification program presented in Table 2 was employed 

to extract the tunnel-fixed process noise (as described above) f r o m t h e  sharp cone data 
(Fig. 19). Results of the analysis are shown in Table 7. As indicated in the table, only 

the tunnel-fixed process noise, Izx, C~o, and the boundary conditions were allowed to 
vary. Due to the constraints on the tunnel-fixed process noise, the model aerodynamics 

were fixed at theoretical estimates given previously. The calculated solution, residuals, and 
fit of the computed solution to the experimental data are shown in Figs. 22 and 23 

for two data sample periods. 

Analysis of the results presented in Table 7 indicates the existence of tunnel stiffness 
effects in both the pitch and yaw planes. In addition, a small product of inertia was 

extracted from the data. Tunnel-fixed damping effects were also extracted, indicating 

decreasing magnitudes for increasing data sample intervals. This effect may be caused by 
higher order coefficients in the tunnel-fixed damping terms. Examination of Fig. 22 shows 
excellent fit of the computed to the experimental data with residuals in 0 and ~ bounded 
by +0.1 deg. The best fit of the experimental data to the calculated solution is bounded 
by the measurement errors caused by the gas bearing as discussed in Section 5.2. Doubling 
of the data sample interval as shown in Fig. 23 resulted in larger residuals with a dominate 
frequency approximately the same as the fundamental frequency of the experimental data 
(compare Figs. 23c and d with Figs. 19a a n d b ,  respectively). This is most probably an 
effect of frequency mismatch caused by higher order terms not included in the tunnel 
stiffness model, Eq. (39). Considering the results given in Table 7 and depicted in Figs. 
22 and 23, the fit of the calculated 3DOF solution to the experimental sharp cone data 

is significantly improved over that given in Fig. 21. Thus, tunnel-fixed process noise 

governed by Eq. (39) and Izx appear to be valid contributions to the parameters to be 
evaluated. 

In order to further evaluate the tunnel-fixed process noise and the ability of the 

asymmetric program to extract model aerodynamics in the presence of this process noise, 
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the sphere cone data as shown in Fig. 20 were analyzed. Using the asymmetric program, 
aerodynamic moment coefficients and tunnel-fixed process noise were extracted from the 
data as given in Fig. 20 and are shown in Table 8. Since model aerodynamic coefficients 

were allowed to vary, one damping and one stiffness coefficient describing the tunnel-fixed 

effects were held constant. Considering the RMS deviations and values of t l ,  t2, t3, and 
t4 as given in Table 7, the stiffness term, tl and damping term, t : ,  were assumed constant 
and equal to 0.017 1/rad and 0, respectively. Examination of Table 8 shows large variations 

in the extracted aerodynamic coefficients for different data sample intervals. Moreover, 
since the sphere cone is axially symmetric, the relationship given in Eq. (16) should hold. 
As the data sample interval increases in Table 8, the extracted coefficients tend to become 
less like those caused by an axisymmetric body. These effects are further illustrated by 
comparison of the graphical results in Figs. 24, 25, and 26 which correspond to this table. 

Thus, in addition to those sources of process noise described here, others must exist which 

cause the significant disagreement in the generated solution and experimental data. Even 
though the preceding analysis of the sphere cone data as given in Fig. 20 does not yield 

acceptable extracted aerodynamic coefficients, it does indicate some problem areas 
encountered in the analysis of 3DOF data taken in continuous wind tunnels as well as 

concepts for establishing process noise models. 

6.0 CONCLUDING REMARKS 

The previous sections have presented the mathematical development of coefficient 

extraction programs and practical application of the programs in continuous wind tunnel 

flow fields. The programs developed here are based on the principals governing output 
error methods. As such, extracted parameters are highly sensitive to measurement and 
process noise. Thus, identification of sources of both process and measurement noise and 

modeling of these effects were extensively examined. 

Noise attributable to the gas bearing, tunnel flow nonuniformities, and inappropriate 
aerodynamic modeling was catagorized as being the most important. Measurement noise 
caused by the gas bearing ~vas shown to contribute errors in ~ and 0 measurements up 
to +0.I deg with the magnitude of these errors dependent upon the value of ~, 0, and 

and the gas bearing pressure. In addition, small, bearing-induced moments were also 

identified. Even though the magnitude of the bearing-induced errors can be large, it was 
concluded that these errors for most situations could be modeled as random noise. This 

allows for accurate parameter identification, assuming sufficiently large data samples and 

no other noise sources. 

In order to define the effects of process noise on the extracted coefficients, sharp 

and spherically blunted cone data taken in Tunnel A were analyzed. 
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It was shown that the process noise inherent in the sharp cone and sphere cone 
data was large and could not be treated satisfactorily as linear, tunnel-fixed stiffness and 
damping moments independent of the model configuration. In addition, this process noise 
was of sufficient level to cause significant error in the extracted coefficients. The analysis 
of the sharp cone and sphere cone data "did provide, however, concepts for establishing 
process noise models in similar situations. Further studies are planned on the definition 
of process noise in Tunnel A and on the effects of these noise sources on extracted 
aerodynamic coefficients. Also, more work is planned on the application methods of the 
programs developed herein. 
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Table 1. Fortran Listing: Symmetric Parameter Extract ion Program 
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AEROBALLISTIC AXIS SYSTEM,AERODYNAMIC SYMMETRY 
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REALOB IAt|YtMPRMoIPRM 
REALe8 ALIST(30) 
REALe8 CARD(IO) 
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EXTERNAL FCToDRKGS 
COMMON/MEAS/PHIM(IOOO)tTHTAM(|OO0)tPSIM(1000) 
COMMON/SOL/T(IOOO)tPHI(IOOOI~THTA(IOOO)tPSI(IO00) 
COMMON/COEF/CON(30)tCCON(30)tNCtNCON(30) 
COMMON/MATRIA/CI30eb0)tRESSUMtSIGPHIeSIGTHAISIGPSI 
COMMON/CUNST/RATIOtMPRMtIPRMtAtIANOLE 
EQUIVALENCE ( A U X ( | ) e C T ( | ) ) t ( C C ( I ) , C ( | ) ) o  

1 (PHIS(|)tPH|(I))t(THTAS(|)tTHTA(|))e(PSIS|I)eP$|I|)) 
DATA ALZST/tCMA tttCMG tt ICMA 0 etICMPA eooCMADeeZ t t  

eoCMQD,e 2 lttCMGBee 2 t .  ICMRA B o11CMQO eteCLO ePICLPO e, 
eiCMPADee2eotCLP t t ICLPOee 2 I t IOUN~y IIIOUMMy ItlDUNMY t t  
eIDUMMY IwtCNR TUN tt lCMG TUN otICMA TUN lw°CNB TUN ItlFLOANG Tet 
etFLOANG PooIpH;(O) lelPHIOOT otITHTA(O) IttTHTADOT e t I p s z ( o )  te 
eIPS[OOT o/ 

NAMELISTINAM/NSWTCHeNTOTtNCtNITER,OTMINtBOUNOtAREA*OIAtlX~IYtROtU~ 
|AACONoNCONtNSESWHeSPHItSTHTAtSPSItAMPHItAMTHTAeANPSI* 
2SAMPLE~NOELTAtlUPDATtINLCONeIANGLE~OTGEN 
3,IGPNOtIBLKNOtIRCGENtSZGPHItSIGTHAtSIGPSItNSTART~;RCSTR 

100 FORMAT(|HIt2OX~ le ' eeeeee  INPUT DATA e e e , e e e e l , / ~  
IIXttGROUP NUMBER m|t lStSXttBLOCK NUMBER a l ~ | S t / t  
19Xo~TIMEtt|OXt*PSIt~IOXt|THETA~*IOXt|PH|~t//) 

101FORMAT(7FIO.O) 
102 FORMAT(SX,4(E|3 .b , |X) |  
103 FORMAT(SX~AB~2Xt2(EI3.b~SX)) 
104 FORMAT(/*IXt~ITERATION NO~t IS* /~ I9X t *CON~I3X t tDELTA CON*) 
105 FORMAT(// /~|OX~tFINAL CONSTANTS ANO PROBABLE ERROROt|OXt/) 
106 FORMAT(SX~C(I~I3t~)m~tEI3*b~SX~(t*EI3.b~e)e*2XeA81 
107 FORMAT(|H|tSXttOATA FIT COMPARISONet//*I IX* tTIMEet 

|3X,tPSI/F|T~t3Xt~PSI/EAPte3Xt~OEL PSII~2X~tTHTA/F~TO~2X~THTA/[XP~ 
~t2X~tOEL THTAte2XtlPHI/F|TI~3Xt~PHI/EXPte3XttDEL P H I * * / )  

108 FORMATISAtF|O.btSF|O.3) 
109 FORMAT I IXe teeee CONVERGENCE CRITERIA NOT SATISFIED AFTERe~I4~ 

I IX, | ITERATIONS * * * e * )  
110 FORMAT(IH|tIXttSUM OF RES|OUALSt~E|3°beSX~tNEM PROBABLE ERROR ~o~ 

IE|3ebtSXt tOLO PROBABLE ERROR m~tE|3eb) 
111FOR~AT(TFIO.4)  
112 FORMAT(|XtTO(eeo)t/tlXtee#ee~eee ERROR e~eeeeeeo~/ t lX~ 

I~NO OF CONSTANTS ALLOMED TO VARY EXCEEDS TOTAL NO UF DATA POINTS 
~USED~t/~IXtTO(~e~))  
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200 FORMAT(IAe30(~ee)t e AERODYNAMIC COEFFICIENT EXTRACTION BY CHAPMAN 
IKIRK METHOD t t 3 0 ( e e t ) t / / / t | X t t N S W T C H  l t t I S t l (  mot NORMAL DATA REOU 
2 C T I O N t t / t l T X t t n l t  3DOF OATA GENERATEDt NO ITERATIONIt / t  
31TXten2t 300F DATA GENERATED AND STORED ON 7S PACK)et/ t IXel IUPDAT 
¢Bt t IS te(mOt  INITIAL GUESbES NOT UPDATED FOR FOLLOWING SHOTIt / t  
517XttNE Ot INITIAL GUESSES UPDATED) t)  

201FORMAT(//t lXttpARANETERS e ° e o e t o t t / t l X t l N O  OF POINTS (N) 8 t tXSt  
IeTOTAL NO VARIABLES (NC) metIStSXtITOTAL NO ITERATIONS (NITER)met 
215e/tlXteINTEGRAT|ON STEP SIZE(DT)me0EB,2tSXttCONVERGENCE BOUND ON 
3 ITERATION (BOUNO)metEGe~t//I|XttBODY eoeeoeee; t / t IXteAREA met 
6FlOebt0F[eo2etSXteOIA : l t F I O e 6 t t F T e t / t l X t l l X  s l tFI2e7t ISLUGS-FTee2 
5etSXg;IY I t tF l2eTteS[UGS-FTee2t )  

202 FORMAT(/t lXtIFRE[ STREAM eeteeoee0t / t lX t tOENSITY (RO) metEl6eTe 
ItSLUGS/FTeO31eS~teU =0tFIOo6tlFT/SECet//tlXtICOEFFICIENTS ,eeeeee) 

203 FORMAT(I~teACON(ttI3| e) mltE13.6t|(etAGel)etSXteNCON(etI31t)mtt12) 
301FORMAT(IHI) 
302 FORMAT(IXtIIANGLE 8e t IS t t (mOt  ALPA AND 8ETA IN TERMS OF VELOCITY R 

IATIOSeet /~ITXt tNE Ot ALPA AND BETA IN TERMS OF ~NGLE OF ATTACK AND 
3 S |OESLIP)e l / t lX t l lNLCON metIS~l(m Ot INITIAL CONDITIONS EVALUATED 
6 FROM DATA~t / t ITXteN[  OtINPUT VALUES USED) t)  

303 FORMAT(IXteBEGINNING RECORD NUMBER 8et lS)  
601FORHAT(IOAG) 
602 FORNAT(IXtIOAB) 
606 FORMAT(IAt leoo INPUT CARD IMAGES e e e e t / / )  
60b FOR~AT(IHI) 
607 FORMAT(IXt t NOTE - l t lOAB) 
502 F D R H A T ( I X t b t ( o e e ) t / t l X t  eeeee 3DOF GENERATEO DATA STORED BEGINNING 

20N RECORD NUMBERetISt2Xteeeeeet/t|XteUNOER IGPNO m0tISt2Xt 
3 t AND IGLKNO metZSt/tlXteZlmltTt,/tlXteZlm2tPHlet/tlXt 
¢elIm3.THrAIt/tlXetIlm61PSItt/tlXi69(to|)| 

~RITE(O6t606| 
605 REAO(OSt6OItENDm603)CARO 

wRITE(O6,602)CAkO 
GO TO 405 

603 REWIND 5 
READ(O5t6OI)CARD 
~RITE(Obe606) 
DEFINE FILE 07 ( I I 60 t6O lb tL t IREC)  

INITIALILATION 

NPRINT80 
IPRINTnO 

998 READ(OStNAMIENDmgg9) 
NnNTOT 
NRITE(O6t301| 
WRITE(Obt2OO)NSWTCHt|UPDAT 
WRITE(Obt302)IANGLEtINLCON 
WRITE(Obt4OT)CARD 
WRITE(O6t2OI)NTOTtNCtNITERIDTMINtBOUNOtAR(AtDIAtIXtIY 
WRITE(Obe202)ROtU 
00 204 | l l t N C  
ACON(I)mAACON(1) 

20¢ WRITE(Obt203) I tACON(1) tAL IST( I ) t l tNCON( I )  
PI • 3.1415920*0 
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A 8 P I / I U O , D * O  
IF(NSWTCH)8oSo? 

DATA INPUT 

7 CONTINUE 
T(I)=O,O*O 
DO 10 InZtNTOT 
T(I)mT(I- I)*DTGEN 
PHIM(I)=OeD*O 
THTAM(I)=OoO*O 

10 PS|H(I)nO.O'O 
PHIM(I)=O.O*O 
THTAN(I)aOeO@O 
PSINII)=O.D*O 
80 TO 9 

8 CONTINUE 
IRECsI 

500 HEAO(OT°IREC)IGPTtl 8LKglIgTS 
IF(IGPNO.NE.IGPT) 60 TO 500 
1F(|BLKoNE,IELKNO) 60 TO 500 
IF ( | IoNEo l )  60 TO 500 
READ(OTW|REC)IGPNOtlBLKNOgIIoPHIS 
READ(OTt|REC)IGPNOtIBLKNOolIoTHTAS 
READ(O7tIRECIISPNOt|BLKNOgI|,PSIS 

DATA ALTERATION 

DO 504 ImIgNTOT 
T(I )mTSII )  
pHLMI;IePHZSII) 
THTAH(I)=THTAS(I) 

504 PSIN( l )uPSIS l I )  
IF(NPRINToEQoIGPNOoANDolPRINToEQoIBLKNO) GO TO 4 
wRITE(Ob9100)|GPNOoIBLKNO 
IRCTMPsIREC-4 
WRITE(069303) IRCTHP 
LOOP=O 
NLOOPul 
DO 4 IBItNTOT 
WRITE(ObtIO2)TII)gPSIM(1)oTHTAH(I)ePHIM(I) 
LOOPuLOOP*I 
KLOOPnNLOOPeSO 
IF(LOOPoLToKLOOP) GO TO # 
NLOOPaNL~OP*I 
NRITE(O6oIOO)IGPNOoIBLKNO 

4 CONTINUE 
NPRINTs|GPNO 
|PR|NTuIBLKNO 
CALL PART(SAMPLEgNDELTAgNtNTOTtNSTART) 
|F(NSES~HoEQel)CALL NOISE(SPH|gSTHTAoSPS|oAHPHIgAMTHTAgAMPS|o 

1NoSAHPLEoNOELTAgNTOT) 
IF(|NLCONeEQ.O) CALL ]C5|ACON) 
DO 46 181;N 
PSIMII) • PSIHI I )°A 
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C 
C 
C 

C 
C 
C 

C 
C 
C 

THTAM(I) m THTAM(1)eA 
4b P H I H ( I )  • PHIM(1)eA 

9 CONTINUE 
NSUMuO 
00 12 la loNC 

12 CCON(I)mOeO*O 
DO I I  I ' I , N C  
I F ( N C O N ( I ) . E Q . I )  

I I  I F ( N C O N ( I ) . E G . | )  
SUM • NSUM 

20 

21 
22 
38 

CCON(I )ml .0*O 
NSUMmNSUM*| 

DEFINE PARAMETERS AND TRANSFORM COEFFICIENTS IN SUB REG 

QINF u ROeIUee2) /2 ,D ,O 
RATIO u I X / I Y  
IPRH • IY/(OINFeAREAeOIA) 
MPRM • IPRMe2eO*OeU/DIA 
CALL REGiACON) 
XNmN 
rHECKm3eD*OeXN-SUN 
IFiCHECKeLE,O,O*O) GO TO 997 
NTuNC*| 
EmO,D*O 
NRaO 

INTEGRATION 

CONTINUE 
CALL INTGRL(FCTtDRKGStNoERRORgAUXtYtOERYIDTMIN) 
IF(NSWTCHoGTeO) GO TO 47 
IF(NSUM.EGeO) GO TO 47 

CHECK FOR CONVERGENCE 

NRJNR*| 
EImUSORT(RESSUM/(3eD*OOXN-SUM)) 
RESSUMmDSQRT(RESSUM) 
WRITE(O6t l IO)RESSUMtEl tE 
IF (OABS(EI "E) °BOUND)36 t3b t21  
I F ( N R - N I T E R ) 2 2 t 2 2 t 3 b  
NTRIGmO 
CONTINUE 
IF(NSUN,EG. I )  60 TO 33 
EmEI 

CONTNACT C MATRIX - REMOVE ZERO ROWS AND COLUMNS 

DO 23 lmloNC 
DO 23 JmloNT 

23 CT( Iwd )mC( |oJ )  
LL=O 
UO 90 ImloNC 

92 I F ( ( I * L L ) . G T . N C )  GO TO 90 
I F ( N C O N ( I e L L ) ) 9 1 t 9 1 t 9 3  

91 LLmLL*I  
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C 
C 
C 

GO TO 9E 
g3 L-LL~! 

DO 94 KmltNT 
94 C([oK)mCT(LtKI 
90 CONTINUE 

LLmO 
LM=NSUM 
DO 80 !mltNC 

82 IF ( ( I *LL ) ,GT ,NC)  GO TO 80 
!F(NCON(!*LL| )81t81e83 

81LLmLL* |  
GO TO 8Z 

83 L:LL~!  
DO 84 KmltLN 

84 CT(KmZ)mC(KtL) 
80 CONTZNUE 

DO 85 |mltkM 
85 CTI I tLN~| )mC( ! tNT)  

LmNSUM 
LLmNSUHel 
O0 11 ImI ,L  
DO 71 d a | I L  

1 1 C ( ! t d ) m C r l l t J )  

NATHZX iNVERSION OF C 

|F(NTR;G)4OwETe40 
21 CALL INV(CToLeLLtWXtCCI 

GO TO 41 
#0 CALL INViCToLtLtWXeCCI 
41UO 32 I=I INC 

C(ItLL)mOeO~O 
WX(l )mCT| IoI )  

32 NXX(I)mO,O*O 
LMmO 

EXPAND C INVERSE TO INCLUDE ZERO ROWS AND COLUNNS 

DO 31 ImloNC 
IF(NCONiI) )28t28e30 

28 LMmLH-| 
GO TO 31 

30 |T :LH* I  
C(IeLL)mCT(ITeLL) 
WXX(ZIm~X(IT) 

31 CONTINUE 
GO TO 34 

SOLVE FOH CORRECT!ON TO COEFF[CIENT$ 

33 D0 35 ImltNC 
l F ( N C O N i | ) - l ) 3 9 t # e e 4 9  

#g C | I t N T ) m C ( I e N T I / C I I t I )  
w X X l l ) = l , O * O / C i l t I )  
60 TO 35 
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C 
C 
C 

39 C(ItNT)mOoD*O 
WXX(I)mO.D*O 

35 CONTINUE 
LLmNT 

34 IF(NTRIG.EQ.I |  GO TO 42 
WRITE(O6oIO4)NR 
00 60 ImItNC 

60 wXX(I)mC(I tLL)  

TRANSFORN COEFFICIENTS AND CORRECTIONS IN SUB REGOUT 

CALL REGOUT(ACON+WXX) 
DO bO ImltNC 

50 WRITE(Ob,IO3IALIST(I)oACON(I)+~XX(I) 
DO 43 ImloNC 

43 CON(1)mCON(1)*C(ItLL) 
GO TO 20 

3b CONTINUE 
NTRIG•I 

37 GO TO 38 
4~ CONTINUE 

44 

45 
47 

CUNPUTE PROBABLE ERROR IN COEFFICIENTS 

DO 4¢ ImloNC 
WXX(IImEIeOSQRTIOABS(WXX(1))) 
CALL REGOUT(ACONtWAX) 
~RITEIObtI05) 
IF(NR.GT.NITERIWRITE(OboIO9)NR 
DO 45 ImltNC 
WRITE(06,106) I~ACON(I ) tWXX( I ) ,ALIST( I )  
WRITE(06.107) 
LOOPmO 
NLOOPml 
IRECmIRCOEN 
OTTEMPmT(~)-TII) 
DO 48 Iml tN 
TTmT(I) 
ZI • P S l ( l ) l k  
Z2 • PS IN( I ) /A  
Z3 • THTA(I ) /A 
Z4 • THTAN(I)/A 
ZS • P H I ( I ) / A  
Z6 • PHIM(I ) /A 
ZIOmZI-Z~ 
ZIImZ3-Z4 
Zl2mZS-Z6 
WRITE(O6tlOB)TTeZItZ2,ZIOoZ3tZOtZIIoZStZ6,ZI2 
THTAS(Z)mZ3 
PSIS(I ImZI 
TS(I)mTT 
PHIS(I)mZ5 
IF(NSWTCHoNE.O) 60 TO 597 
TS(l)mZlO 
PHIS(1)mZII 
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C 
C 
C 

C 
C 
C 

C 
C 

C 

597 CONTINUE 
LOOPmLOOP*I 
KLOOPmNLOOPoSO 
IFILOOP,LTeKLOOP) GO TO 48 
NLOOPmNLOOP~I 
WRITE(OboI07) 

48 CONTINUE 
IF(NSWTCH.NEoO) GO TO 599 

COMPARISON OF FIT DATA AND EXPERINENT STORED 

IRECnlRCSTR 
IF(IRCSTHoGE,IRCGEN-3eAND.IRCSTR,LEelRCGEN*3) GO TO 599 
WRITE(O6o59B)NSWTCHtIRCSTRtIGPNOtIBLKNOtOTTEMP 

598 FORHAT(|HIolXt°NSWTCH I° tXSt / t lXo°3DOF DATA 5TOREO BEGINNZNG AT RE 
ICORD otL~o2Xe°UNOER ;GPNO l to lSt2Xt tANO IGLKNO I l t ZSe / t lX t lZ I IS tTH  
2TAto/o|XeOlI=GtTHTAoTHTAMlt/olXotllmToPSIle/olXtllI'BtPS|'PSINlt 
3/oIXIoDT attFToCt2Xe°SECttIHl) 

I I I 5  
wRITEIO?tIRECIIGPNOolBLKNOtlI,THTAS 
IIm6 
wRITE(O?OIREC)IGPNOoIBLKNOolItPHIS 
llm7 
~RITEIOTOlRECIIGPNOtlBLKNOolI,P5IS 
limb 
wRITE(O?OlREC)IGPNOwIGLKNOIIItTS 

S99 CONTINUE 
IF(NSWTCH,NEe2) GO TO SOl 

SO1 

997 
996 

995 

999 

3OOF GENERATED SOLUTION STOREO 

WRITE(ObtSO2)IRCGENolGPNOeIBLKNO 
l lml  
wRITE(OTOlRECIIGPNOtIBLKNOtIIITS 
I112 
~RITE(OTOIREC)IGPNOoIBLKNOoIIoPHIS 
Ilm3 
WRITECO7OlREC)IGPNO, IBLKNOtIIoTHTA5 
llm4 
WRITEIOTOIRECIIGPNOolBLKNOtlItPSI5 
CONTINUE 
GO TO 996 
~RITE(06olI2) 
CONTINUE 
IF(IUPDAToEGeO) GO TO 998 
DO 995 I l l tNC 
AACON(1)mACON(I) 
GO TO 998 
CONTINUE 
STOP 
END 

SUBROUTINE DRKGSIXloYtDERYtNDIHoFCToAUXoOTtNDT) 
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C 
C 

C 

IMPLICIT REALeB(A-HoO-Z) 
DIMENSION YKI)oDERYII) tAUX(bw|) 
XaXl 
DO 5 JaloNOT 
DO l ImIINOIM 

| AUX(bt l )mY(1) 
CALL FCT(XIYtDERY) 
DO 2 In l tNDIM 
AUX(ItX)mDERY(X) 

2 Y(IImAUXtbtII~tSD*OeDTOAUX(Itl) 
XTEMPmX**SD*OeDT 
CALL FCT(XTEMPtYIDERY) 
DO 3 I•IoNDIM 
AUX(2tIImD[RY(1) 

3 Y(1)mAUX(btI)*eSD~OoOTeAUX(20|) 
CALL FCT(XTEMPtYtDERY) 
DO 4 lmltNOlM 
AUX(3oI)mDERY(I) 
Y¢I)mAUX(Gol)*DTeAUX(3tl)  
XmXeDT 
CALL FCT(XtYtDERY) 
00 5 I • | tNDIM 
AUX(4tI)mOERY(I) 

5 Y(I)mAUX(6tI)~DTeIAUX(|tl)*fAUX(2tl);AUXI3tl))e2,D,O 
I *AUX(4oI I I /6oD*O 
RETURN 
END 

SUBROUTINE FCT(TtXIDERX) 

IMPLICIT REALeB(A-HtO-Z) 
REALe8 MAOIAtMYOIoMZOIoMItM2tM3oMAGoMPRNoIPRM 
UIMENSIO~ X( | ) tDERX( I )  
COMMON/COEF/CON(30)oCCON(30)tNCINCON(30) 
COMMON/CUNST/RATIOIMPRNtlPRMtAtK 
PSImX(5) 
THTAmX(3) 
PHIaX(I )  
PSIPmX(b) 
THTAPwX(4) 
PHIPmX(~) 
CALL TEMP(PSIoTHTAgPHItPS|PtTHTAPoPHXPtOoD~OtOeO.OtOoD.OtOoD,Ot 

lOoD*OtOot)*OtK) 
CALL MBAR(MXOXAoMYOIoNZOItPSItTHTAoPHIoPSIPoTHTAPoPHIP) 
UERX(I) a PHlP 
DERA(2) m MXOIX • PSIPeTHTAPeDCOS(THTA)*MZOIeDTAN(THTA) 

|*(2eD*O-HATIO)ePSIPeTHTAPeDTAN(THTA)eDS|N(THTA) 
ZeRATIOePHIPeTHTAPeOTAN(THTA) 

DERX(3) m THTAP 
UERA|6| m MYOI -(|oO~O-RAT|O)e(PSIPee2)e|USIN(THTA)eDCOS(THTA)) 

|-RAT[OePHIPePSIPeOCOS(THTA) 
DERX(5) m PSIP 
UERX(6) • MZOI/OCOS(THTA)*(2.D.O-RATIO)*PSIPeTHTAPe 

|DTAN(THTA) * RATIOePHIPOTHTAP/OCOS(THTA) 
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C 
C 

C 

5 

NEQ=(NC*I)e6 
DO 5 Zu?tNEO 
DERXII)uO,D*O 
DO 10 I= l tNC 
IF(NCON(I)=EOoO) GO TO lO 
DERX(be|) = X(beNC*X) 
DERXI2eNC~6*|| = X(3ONCeb*I) 
DERX(4oNC*6*I) = X(SeNC~b*|) 
Pl • X ( 6 * l |  
P2 • X(2ONC*6~|) 
P3 : X(AoNC*6*I) 
PIPm X(NC*6*I)  
p2p= X(3eNC*6el) 
P3PI X(SeNCe6*I) 
CALL TEMPiPS|gTHTAmPHZgPSIPoTHTAPePHIPtPIeP29P3tPIPtP2PtP3PtK) 
CALL HBAHAiM|oM2tM3ePSItTHTAIPHIePSZPtTHTAPoPHZPoP|gP2eP3oPIPeP2Po 

|P3Pol)  
OERX(b,NC,I)sMI*THTAPeP3PeDCOS(THTA)*PSIPeP2PeDCOS(THTA) 

I.ps|PeTHTAPeP2QOSIN(THTA) • M3eDTAN(THTA) * 
2MZOIep2/(OCOS(THTA)ee2) * (2oD,O-RATIO)eDTAN(THTAIe 
3DSIN(THTA)e(THTAPeP3P * PSIpeP2P)*(2eDeO-RATIO)ePS|POTHTAP 
4ep2eDSIN(THTA)O(IoD*OeloO*O/(DCOS(THTAIeeZ))* 
5RAT|Oe(PIPeTHTAPODTANITHTA)*PH|PeP2PeDTANtTHTA) 
b,PH|PeTHTAPeP2/(OCOS(THTA)ee2)) 

OERX(6,3oNC,I)uM2°(I.0*O-RATIO)e2oD*OePSIPep3peOSIN(THTA) 
IoDCOS(THTA)-(IoD*O-RATZOIOP2e(IoO*O-2oO*Oe(OSIN(THTA)ee2)) e 
2PS|Pee2 - RATIOe(PIPePSIPeDCOSITHTA)ePH|PeP3PeDCOS(THTA) 
3-PHIpePSIPeP2eDSIN(THTA)I 

OERX(6,SeNC*I)sq3/DCOS|THTA)*MZO|eP2eOTAN(THTA)/OCOS(THTA) 
I,(2oD,O.RATIO)eOTAN(THTA)e(pSZPeP2P*THTAPeP3P) • 
2(2.0,O.RATIO)ePS|PeTHTAPeP2/DCOS(THTA)ee2 * 
3RATIOePIPeTHTAP/DCOS(THTA)eRATXOe(PH;PeTHTAPeP2eDTAN(THTA) 
4/DCOS(THTA)ePHIPeP2P/DCOS(THTA)) 

10 CONTINUE 
HETURN 
ENO 

13 

$UHROUTIN(PART(SAMPLEoNDELTAwNtNTOToNSTART) 

IMPLICIT REALe8 (A-HtO-Z) 
COMNON/NEAS/PHIM(XOOO)tTHTAM(IOOO)oPSIM(IO00) 
COMMON/SOL/T(IOOO)0PHI(IOOOItTHTAI|OOO)tP$IIIO00) 
O0 13 |:~tNTOT 
IF(T(1) ,NE.O.D*O) NTEMP=| 
CONTINUE 
TMAXwT(NT[MP) 
O0 11 IuNSTARToNTOT 
Ju( I - I IeNDELTA* I  
|F(J.GT.NTEMP) GO TO 11 
RAT|Om(T(J)-T(NSTART)I/TMAX 
IF(RATIO.BT.$ANPLE) 60 TO 11 
Nnl 
T( I )mT(J)  
PH|MII)uPHIMIJ} 
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THTAMII)mTHTAM(J) 
PSIMI I )mPSIN(J)  

I I  CONTINUE 
NmN*I-NSTART 
DO IZ Im l tN  
d=I*NSTART'I  
T ( I )mT(J )  
PNIMII )mPHIN|J)  
THTAM(I)mTHTAM(J) 

1~ PSIM(1)mPSIN(J) 
NI=N~I 
IF(NTOT,LT,NI )  GO TO 14 
UO IS ImNItNTOT 

15 T(I)mO,D*O 
14 CONTINUE 

WRITE(O6tIOISAMPLEtNDELTAtNSTARTtNtT(I)oTIN) 
10 FORM&T(IHI t |Xt  tQeee DATA BLOCK ALTERED e °ee t t / t lXo ISANPLE  mtt 

IFTe4t / t lABINOELTA ml t lS t /B IXteNSTART m e i I S t / t l X l e N  I t t I S e / t  
21XtOT( l )  • l tFTe4 tSXoIT(N)  • OmFTo4o/t 
3 1 X t Z 8 ( l e t ) )  

HETU~N 
END 

FUNCTION DUNIIoJ) 

IMPLICIT REALeB(A-HjO-Z) 
DUNm0,O*0 
I F ( I , E Q , J )  DUNml,O*0 
RETURN 
END 

SUBROUTINE ICS(ACON) 

IHPLICIT REALO8 CA-HiD'Z) 
DIMENSION ACON(30) 
COMHON/~EAS/PHIM(IOOO)oTHTAM(IOOOIePSIN(IO00) 
COHNON/SOL/T(IOOO)tPHI(IOOO)tTHTA(IOOO)tPS|(IO00) 
D T : T ( 2 ) ' I ( I )  
PHIOmPHIM(|) 
THTAOsTHTAM(I) 
PSIOuPS|M(I) 
ACON(25)mPHIO 
ACON(27)sTHTAO 
ACON(2g)mPSIO 
ACONI26)m(PHIM(2)-PHIO)/UT 
ACONI28)m(THTAM(Z)-THTAO)/DT 
ACON(30)m(PS|M(2)-PS|O|/DT 
RETURN 
END 

SUBROUTINE INVICoNCtNCSItWXXoCC) 
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IMPLICIT REALeB(A-HtO-Z) 
DIMENSION C(30t31ltWXX(30)tPIVOT(2leCC(3OjbO) 

3000 FORMAT(/IOXttOET IS EQUAL TO ZERO I )  
NCTSNCe2 
NCPIINC*| 
O0 10 lmltNC 
DO 10 JmltNC 

10 C C ( I , J ) m C ( ] t J )  
00 20 [= I tNC 
00 20 JmNCPI~NCT 

20 CC(IoJ)mO.O*O 
00 30 I I I . N C  

30 CC{ItNCeX)m~eO~O 
00 205 I a l t N C  
PIVOT( I )mCC(I tX)  
00 200 KmloNC 
PIVOT(2)mCC(Kol) 

126 I F ( K - I )  135t130t140 
130 O0 150 JmltNCT 

| F ( P I V O T ( I ) )  134m210e134 
134 C C ( K t J ) S G C ( I t J ) / P I V O T ( I )  
150 CONTINUE 

GO TO 20U 
235 DO 160 du|tNCT 

IF(PZVOT( I ) )  136t160t136 
13b CC(K.J)mCC(K,J)-CC(IIJ)ePIVOT(2)/PIVOT(I) 
160 CONTINUE 

GO TO 20O 
140 UO 170 JmltNCT 

IF(PIVOT(2)) l~5t170t145 
145 CC(K~J)ICC(KtJ)/PIVOT(2)-CC(ItJ| 
170 CONTINUE 
200 CONT|NUE 
205 CONTINUE 

GO TO 250 
210 ~RITE (6 t3000)  
250 DO 300 |mItNC 

00 300 Jm|tNC 
300 C ( I t J ) s C C ( I t ~ * N C )  

NCSsNCSI 
350 |F(NCS-NC)5OOtSOOe400 
400 00 420 ImI,NC 

WXX(I)mC(ItNCS) 
420 C(ItNCS)mOeO*O 

DO 450 lmltNC 
DO 450 JmltNC 

4S0 C(ltNCS)mC(ItNCS)*C(ItJ)eWXX(J) 
NCSaNCS-I 
GO TO .350 

S00 CONTINUE 
RETURN 
END 

SUBROUTINE NOISE(SPHI~STHTAtSPSItAMPHZtAMTHTAtANPSIeN~ 
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C 
C 

7 
b 

10 

100 

ISAHPLEtNDELTAtNTOT) 

THIS SUO~OUTINE ADDS 6AUSS[AN NOISE TO DATA 
|NPLICIT REALee(A-H,O-Z) 
CONHON/NEAS/PH|MI|OOO)~THTAM(|OOO)tPSIN(IO00) 
COHHON/SOL/T(IOOO)tPHI(|OOO)tTHTA(IOOO)tPSI(|O00) 
wRIT((ObI|OO)SPS|ISTHTAISPH]oAHPSZtANTHTAtAMPHIoN 
CALL TIME(IYEARt|SEC) 
|F( |SEC- IO00)  5~5t6 
ISECm|SEC-IO00 
GO TO 7 
IXm(|SECt|YEAR)~2*I  
IY=|X*2  
IZmlX*4 
S]GlPHmOeD*O 
S|62PH=OeO~O 
SIG3PHmOtD*O 
SIG|THmO.O*O 
SIG2THmO.O*O 
S[G3THmO,O*O 
SIGIPSmO.D*O 
SI62PS=O.D*O 
SIG3PSmOeD*O 
TOTPHI:O~O*O 
TOTTHAmOeD*O 
TOTPSImOeD~O 
LOOPm| 
NLOOPml 
DO LO I a l i N  
CALL 6AUSS(IXtSPHIeANPHItVPHI) 
CALL GAUSS(IYtSTHTAoANTHTAtVTHTA) 
CALL GAUSS(IZtSPS|oANPSItVPSI) 
PHIM( I )aPHIN( I )~VPHI  
THTAH(I)sTHTAN|I)*VTHTA 
PSIM( I )=PSIN( I )~VPSI  
TOTPHIaTUTPHIoVPHI 
TOTTHAmTOTTHA@VTHTA 
TOTPSImTOTPS|*VPSI 
PmDABS(VPH|) 
QmDA6S(VTHTA) 
HaDASS(VPSI) 
IFIPeLT.SPHZISIGIPHmSIG|PH*|.D*O 
|F(PeGEeSPHI.ANDePeLT.2eO*OeSPHI)SIG2PHsS|G2PH~|eO~O 
IF(P.GEe~eD*OeSPHIoANO.PeLEe3.D~OeSPHI)SIG3PHmSIG3PH*IeO*O 
IF(Q.LT.STHTA)SIGITHmSIG|TH*IeO*O 
IF(Q.GE.STHTA.AND.QoLT.Z.D~OeSTHTA)SIG2THmSIG2THtI.O~O 
IF(Q.GE.~.OoOeSTHTA.AND.Q.LE.3.O*OeSTHTA)S|G3THmSIG3TH*I.D*O 
IF(R.LT.SPSI)SIGIPSmSIGIPS*I.O*O 
IF(R.GEe~PSI.AND.RoLT.Z.D'OeSPSI)SIG2PS:SIG2PS*IoO~O 
IF(R.G(e2eD*OeSPSIeANDeReLE.3.0*OeSPSI)SIG3PSISIG3PS*|eD*O 
CONTINUE 
wRIT[(ObtIU3)TOTPSItTOTTHAtTOTPHItSIG|PStSIGITH.SIG|PHt 

ISIG2PStS|G2THtSIG2PHtSIG3PStSIG3THtSIG3PH 
FORMAT(|HIt lXo teee GAUSSIAN NOISE ADDED ~ e e l o / t l X t  

leONE STA~OARO D~VIATION " PSI ml tFIOobtSXt lTHETA mqtFlO.biSXo 
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C 
C 

C 

2*PHI ml tF IO.6 t /o lX , ICONSTANT BIAS - PSI u t t F l O . 6 t S X ,  
31THETA uOtFIO.6oSXt tPHI  m t t F I O . 6 , / * I X t e T O T A L  NO OF TIME POINTS USE 
4D IN FIT (N)mto I5)  

103 FORMATtIHItIXoISUM OF NOISE AOO[Ot,/t6XtlPSI|obXttTHTAI*TX*IPHIIt 
I / , IXo3FIO.39//t lXIoNOISE CONTRIBUTION WITHIN ONE SIGMAet/ ,  
26X.lPSI*tbXpeTHTAt.TXglPHIOe/tlXt3FIO.3t//t 
31X. iNOIS£ CONTRIBUTION BETWEEN ONE SIGMA AND TWO S I G N A l , / ,  
46X~*PSIttbX,eTHTA*t?X**PHI*~/tlX.3FIO.3,//,IX,|NOISE CONTRIGUTION 
5BETWEEN TWO SIGMA AND THREE SIGMA**/tbX**PSZ|tbAgtTHTA*97X*~PHIt* 
6/91X~3F|O*3) 

RETURN 
ENO 

S 
6 

SUBROUTINE RANDU(IX~IYtYPL) 

IMPLICIT REALeB(A-HIO-Z) 
IYm|X*65S39 
I F ( I Y ) B t b t 6  
IYmlY*2147483647* l  
YPLmlY 
YPLmYPLe.4656613D-9 
RETURN 
ENO 

50 

SUBROUTINE GAUSS(IXtStAMtV) 

IMPLICIT REALeG(A-HtO-Z) 
AmO.O*O 
DO 50 I u l , 4 8  
CALL RANUU|IXt lYtY)  
IXslY 
AaA*Y 
Vm(A-24,O*O)/2,O*O 
VmVoS*AM 
RETURN 
END 

10 

SUBROUTINE INTGRL(FCTtDRKGStNtERRORtAUXtYtOERYoOTHIN) 

IMPLICIT REALeB(A-H,O°Z) 
DIMENSION A U X ( b , I I t Y ( I ) , U E R Y ( I )  
COMMON/MEAS/PH|M(IOOO)tTHTAM(IOOO)ePSIN(IO00) 
COMMON/SOL/T(IOOO)ePHI(IOOO)tTHTA(IOOO)tPSI(IO00) 
COHMON/COEF/CON|30)tCCON(30)tNCoNCON(30) 
COMMON/MATRIX/C|3Ot60)sRESSUMtSPHI~STHAwSPSI 
Am6*283185310"0 
NLaNC'S 
00 10 l i l t 6  
Y ( I ) m C O N | N L * I ' I )  
O0 1| ImltNC 
Y(b* I )mUUN(NLt I !  
O0 1 1 J l i t B  
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I I  Y(6~UONC*I)mDUM(NL*JtI) 
NEQu(NC*I)e6 
DNEQuNEG 
NLmNC*I 
Kml 
PHI (K)mY( I )  
THTA(K)mY(3) 
PSI(K)mY¢5) 
THTA(K)=THTAiK)*CON(23) 
PSI(K)uPSI(K)*CON(24)  
DPHImPHIM(K)-PHI(K) 
IF(UPHIeGTe(A/2eD*O)) PHI (K)aPHI (K) *A  
I F ( O P H I , L T , ( - A / 2 , D * O ) )  PHI(K)mPHI(K)-A 
00 19 ImltNC 
Y(b*2eNC*I)mY(b*2eNC~I)~DUM(Z3tl) 
Y(G*4eNC~I)mY(G*4eNC~II*OUM(24t;) 

19 CONTINUE 
00 12 Iml,NC 
DO 12 JmItNC 
C ( I t J ) m Y ( b * I ) e Y ( b , J ) / S P H I e e 2  • y(6,2eNC*I)ey(b~2eNC,J)/STHAee2 

I t  y(b,4eNC~Z)ey(b,4eNC,J)/SPSIee2 
12 C( I tJ )mC( I tJ )eCCON( I )eCCON(J)  

DO 17 Ju l tNC 
C(JtNL)a(PHIN(K)-PHI(K))eY(6*J)/SPHIee2 *(THTAM(K)-THTA(K)')e 

IY(b*2eNC*J)/STHAee2 • (PSIN(K)-PSI(K))ey(6*4eNC~J)/SPSIee2 
17 C(JoNL)mC(JtNL)eCCON(J) 

RE$SUN a ( ( P H I M ( K ) . P H I ( K ) ) / S P H I ) e o 2  , ( (THTAN(K)-THTA(K)) /STHA)e~2 
1" ( I P $ I N ( K ) o P S I ( K ) ) / S P S | ) e e 2  

DO 13 Kz2tN 
X I x T ( K - I )  
DTEWT(K)-T(K-I)  
DT-OTE 
NDTm| 
IFiOTMIN,GE,OTE) GO TO 18 
NOTmOTE/UTMIN 
UTsNOT 
DTmOTE/DT 

18 CONTINUE 
CALL DRKGSIXIeYtDERYtNEQtFCTtAUXtOTtNDT) 
I F ( Y ( I ) e L E e ( - A ) ) Y ( I ) m Y ( I ) * A  
I F C Y ( I ) . G E , A t Y ( I ) m Y ( I } ' A  
PHI (K)mY( I )  
THTA(K):Y(3)  
PSIIR)mY(5) 
THTA(K)mTHTAiK|*CON(23) 
PSI(K)mPSI(K)*CON(26) 
UPHImPHIM(K)-PHI(K) 
IFCOPHI ,LT , ( -A /2 .D~O) )  PHI(K)mPHI(K)-A 
IF (DPHI ,~T . (A /2eD*O) )  PHI(K)mPHI(K)*A 
DO ~0 ImLINC 
Y(b*2eNC*I)ly(b*2eNC*I)*OUM(231I) 
YCb*6eNC*I)mY(b*4eNC*I)*OUM(261I) 

20 CONTINUE 
DO 15 ImleNC 
O0 15 JaI INC 
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C t I t d ) m y ( 6 * I ) e Y ( b . J ) / S P H | e e 2  * Yi642eNC*I)eY(6~2eNC*JI/STHAet2 
l~  y ( 6 ~ e N C * I ) * Y ( b ~ 4 * N C * J ) / S P S I e e 2  * C ( I I J )  

15 C ( | t J ) m C ( | t J ) e C C O N ( I ) e C C O N ( J )  
O0 16 Jml0NC 
C(JwNL)m(PHIN(K)-PHZ(K))eY(btJ)/SPH;eO2 * (THTAN(K) -THTA(K ) )e  

IY (6~ZeNCtJ ) /STHAee2  • (PSIM(K)-PSI(K))eY(b~4eNCtJ)/SPSIee2~CIJeNL) 
16 C(J tNL)mC(J tNL)eCCON(J)  

RESSUM • ( ( P H Z M I K ) - P H I ( K ) ) / S P H I ) e e 2  * ( (THTANIK) -THTA(K) ) /STH&)ee2  
l *  ( ( P S I N ( K ) - P S | ( K ) ) / S P S Z ) e ° 2  • RESSUN 

13 CONTINUE 
RETURN 
END 

SUBROUTINE TEHP(PSItTHTAtPHItPSIPtTHTAPtPH|PtPItP2tP3ePIPtP2PtP3Po 
IK) 

10 

9 

IMPLICIT REALeBIA 'H tO 'Z )  
REAL*8 NAG 
COMNON/TCOEFI/SPNtAIBtMAGtQAoRAIADtBOtALPAtBTApALPAPtBTAPoOLTA2tPt 

IUtRtSHAGtDLTA 
COHHON/COEF/CON(30)tCCON¢30)tNC~NCON(30I 
SPNaPIP-PSIPeP2oOCOS(THTA)-P3PeOSIN(THTA) 
Am-P3eOSIN(PSIItOSZN(THTA)*P2eOCOS(PSI)eOCOS(THTA) 
Bm-P3eOCOS(PSZ) 
NAGm 2eO*Oe(P2eDSIN(THTA)eDCOS(PSI) 

1~ p3e OCOS(THTA)eOSIN(PSZ))eDCOS(PSI)eOCOS(THTA) 
OA x P2P 
RAm p3PeOCOS(THTAI.PSIPeP2eOSIN(THTA) 
AOm-P3PeOSIN(PSI)eOSIN(THTA)-P2e(PSZPeDS|N(PSI)eDCOS(THTA) 

|*THTAPeOCOS(PSZ)eDSZN(THTAI)-P3e(PSZPeDCOS(PSI)eOSIN(THTA) 
2~THTAPeOS|N(PS|)eOCOS(THTA))~P2P* OCOS(PSI)eOCOS(THTA) 

BOm- P3PeOCOS(PSI)*PSIPeP3eDSIN(PSI) 
ALPA • OCOS(PS|) • DSINITHTA) 
BTA m-OSIN(PSI)  
ALPAP m -PSIPeOSZN(PSZIeDSIN(THTA),THTAPeOCOS(PSI)eOCOS(THTA) 
BTAP • -PSIPeOCOS(PSZ) 
OLTA2 • (OCOS(PSI)eDSIN|THTA))ee2 * ( O S I N ( P S I ) ) e e 2  
P m P H I P  - PSIP • OSIN(THTA) 
O a THTAP 
R • PSIPeOCOS(THTA) 
|F (K ,EO,O)  GO TO 10 
ALPAsTHTA 
BTAmOATAN(-DTAN(PSZ)/DCOS(THTA)) 
AwP2 
8m-(P3/(OCOS(PSI)ee2)tOTAN(PSI)OOTAN(THTA)eP2)t 

| |DCOSCBTA)ee2)/OCOS(THTA) 
DLTA2mALPAee2tBTAeQ2 
NAGU2,OtOe(ALPAeA*BTAeB) 
CONTINUE 
OLTAmDSQRT(OLTA2) 
SMAGmO,O*O 
IF(OLTA2eEQeOoO~O) GO TO 9 
SMAGuNAG/(ZeD~OeOLTA) 
CONTINUE 
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C 
C 

C 

AO•O,O*O 
80•OoOtO 
ALPAFmO,OtO 
8TAPmOeD*O 
RETURN 
END 

SUBROUTINE REGOUT(ACONtWXX) 

IMPLICIT REALeBIA-HtO-Z) 
REAL•8 ~PRHtlPRM 
~IMENSION ACONI30)tWXX(30) 
COMHON/COEF/CON(30)tCCON(30)tNCtNCON(30) 
COMNON/CONST/RATIOtNPRMtlPRNoAt|ANGLE 
Cl • IPRM/NPRN 
O0 10 ImAtE2 
ACON|I) = NPRNeCON(I) 

10 WXX(I) • MPRNeWXX(I) 
ACON(|) • ACON(I)eC1 
ACON(3)mnCON(3)eCI 
ACON(5) • ACON(5)eC! 
WXX(I) • WXX(I) • Ci 
wX~(3)mWXX(3)eCI 
wXX(5) • WXX(5) eC| 
ACON(21)mACON(21)eCI 
ACON(Z2)mACON(22)•C| 
WXX(21)mWXX(21)eCI 
wXXC22)•WXX(22)eCI 
ACON(IO)aACON(|O)eC|eRATIO 
ACON(| I )aACON(| I )eRATIO 
ACON(|3) • ACON(|3) • RATIO 
ACON(14) • ACON(I4) • RATIO 
WXX(IO)mWXX(IO)eCIORATIO 
WXX(I I )sWXX(I I )ORATIO 
WXX(13) • WXX(13) • RATIO 
WXX(14) • WXX(14) * RATIO 
O0 I I  ImR3t30 
WXXt I ) •W~X i I ) /A  

11ACON( I )  • CON( I ) /A  
RETUHN 
END 

10 

SUBROUTINE REGCACON) 

IMPLICIT REALtS(A-HoO-Z) 
REAL•8 MPRMtIPRM 
DIMENSION ACON(30) 
CONNON/COEF/CON(30)tCCON(30)eNCtNCON(30) 
COMNON/CONST/RATIOtNPRNolPRNtAoIANGLE 
UO 10 ImloR2 
CON(I) • ACON(1)/NPRN 
CON(I) • ACON(I) / IPRN 
CON(3)aACON(3)/IPRN 
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11 

CON(5) • ACON(5 ) / IPRM 
C O N ( I O l a A C O N ( I O ) / ( I P R M e R A T I O )  
C O N ( I I ) • C O N ( I I ) / R A T I O  
CON(13) m C O N | I 3 ) / R A T I O  
CON(14) • CONC;~ ) /RAT]O 
C O N ( ~ I ) • A C O N ( ~ I ) / I P R M  
CON(22 )aACON(22 ) / IPRM 
00 11 1m23~30 
CON( I )  • A C O N i I ) e A  
RETURN 
END 

SUBROUTINE MBARA(MItM2~M3tPSI,THTAtPHI~PSIPtTHTAP~PHIPt 
~ P | t P 2 ~ P 3 ~ P l P t P 2 P t P 3 P ~ J )  

I M P L I C I T  R E A L e 8 I A - H t O - Z )  
REALe8 NI.M2tM3.NAGIMYToMZT+MYTPtMZTPtNYTEoMZTE 
COMMON/TGO(FI/SPNIAtB+MAGtQAtRAtAOoBOtALPAtBTAP 

IALPAPIBTAPtOLTA2tPtQtRoSMAGtOLTA 
COMMON/COEF/CON(30)tCCON(30)oNC+NCON(30) 
COMMON/CONST/RATIOeZIgZ2eZ3tI4 
MImSPNe(CON(13)tCON(|4)eOLTA2)*Pe(OUMI|3,J) 

I .OUM(16ed)OOLTA2 • CON(14)eMAG) 
MImMIeDUM(IO~J)+SPNeCON(II)eOLTAtPeDUM(I|tJ)eOLTA*PeCON(II)eSMAG 
TEMPI • CON( I )  • CONIS)eOLTA2 
TEMP2 • U U M ( I t J ) e O U M ( S t J ) e O L T A 2  • CON(5)eMAG 
T(MP3Y • CON(2)+CON(6)eOLTA2-CON(7)eBTAee2 
T(MP3Z • CON(2) * CON(b)eOLTA2 ° CON(7)eALPAee2 
T(MP6Y • O U M ( 2 t J ) * D U M ( b I J ) e O L T A 2  * CON(b)eMAG 

;-OUM(Tgd)eBTAee2-2eDeOeBTAeCON(7)eB 
TEMP6Z • OUM(21J) • OUM(b td )eDLTA2  • CON(b)eMAG 

| . O U M ( T t J ) e A L P A e e 2  - 2 .O+OeALPAeCON(7)eA 
TEMP|mTEMPI+CON(3)eDLTA 
TEMP2mTEMP2eOUM(3+J)eOLTA+CON(3)eSMAG 
TEMP3Y•TEMP3YoCON(9)eOLTA 
TEMP3ZsT(MP3ZeCON(9)eOLTA 
TEMP4YmT[MP4YeOUM(gtJ)eOLTAeCON(9)eSMAG 
TEMP4ZaT(MP4ZeOUM(geJ)eOLTA+CON(9)eSMAG 
TEMPSY • CON(3)eCON(9)eOLTA2-CON(IO)eBTAee2 
TEMPSZ • CON(3) • CON(9)eOLTA2 - CON( IO)eALPAee2 
T(MPbY • O U M ( 3 0 J ) e O U M ( g t J ) ' O L T A 2  • CON(9)eMAG 

| - O U M i | O t d ) e B T A e e 2  - 2eOeOeCONl lO)OBTAe8 
TEMP6Z • OUM(39J )~OUM(9 ,d )eOLTA2 • CON(9)eMAG 

I - O U M ( I O I J ) e A L P A e O 2  - 2 .O+OeCON( IO)eALPA eA 
TEMP7 m CONi4 )+CON(12)eDLTA2 
TEMP8 • O U M ( 6 , J ) * O U M ( 1 2 , J ) e O L T A 2  + CON(12)eMAG 
M2 m AeTENPI e ALPAeTEMP2 • QAeTEMP3y e QeTEMP4Y 

|eOUM(BtJ)eReALPAeBTA*CON(8)e(RAeALPAeBTA~ReAeBTA 
ZeReALPAeB)eAOeTEMPSY • ALPAPeT[MPbY 
3 e O U M ( I | , J ) e B T A P e A L P A e R T A  • CON(II)e(BOeALPAeBTAeBTAPeAeBTA 
4eBTAPeALPAeB) • SPNeBTA eTEMP7 • BePeTEMP7 
5ePeBTA eT[MP8 

M3m°BeTEMPI-BTAeTEMP2.RAeTEMP3Z • ReTEMP6Z 
IeOUM(BtJ)eQeALPAeBTAeCON(B)e(OAeALPA~BTAeQeAeBTA 
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2*QeALPAeB)-BOeTEMPSZ - BTAPeTEMP6 z 
3-OUM(IItJ)eALPAPeALPAeBTA-CON(II)e(ADeALPAeBTA~ALPAPeAeBTA 
4~ALPAPeALPAeB)*SPNeALPAeTEMP7 * AePeTEMP7 
5*PeALPAeTEMP8 

MYTsCON(21)eTHTA 
MYTIMYT*CON(20)eTHTAP 
MZTmCON(22)ePSI 
MZTaMZT*CON(19)ePSIP 
MYTPIOUM(2|tJ)eTHTA*CON(Z|)eP2 
MYTPuMYTP~OUM(2OtJ)eTHTAPtCON(20)eP2P 
MZTP•OUN(22tJ)ePSI~CON(22)eP3 
MZTPuMZTP*DUM(19tJ)ePSIP*CON(19)eP3P 
MYTEI(DUMi2IIJ)eTHTA*CON(21),P2)/RATIO 
MYT(BMYTE~IOUM(2OIJ)ITHTAP~CON(20)eP2P)/RATIO 
MZT(•(OUM(229J)IPSItCON(22)eP3)/RATIO 
MZT(•MZTE~iDUM(19tJ)ePSIPiCON(19)eP3P)/RATIO 
MIaMIiMYTEeOSIN(PSI)eDCOS(THTA)tMYTe(P3eOCOS(PSI)eDCOS(THTA) 

I -P2eOSIN(PSI)eOSIN(THTA))/RATIO 
2 -MZTEeDSIN(THTA)-NZTeP2eOCOS(THTA)/RATIO 

M2aN2~NYTPeOCOS(PSI)-MYTeP3eOSIN(PSI) 
M3•M3*MYTPeDS|N(PSI)eOSIN(THTA)~MYTe(P3e~COS(PSI)eDSINITHTA) 

1 *P2eDSIN(PSI)eDCOS(THTA)) 
2 ~MZTPeOCOS(THTAI-MZTeP2eDSIN(THTA) 

RETURN 
ENO 

SUBROUTINE HBARIMXOIXtMYOIoMZOIoPSItTHTAtPHItPSIPtTHTAPtPHIP) 

IMPLICIT REALeB{A-HtO-Z) 
REALe8 MAOIX.MYOI.MZOItMAGtMYTtMZT 
COMMON/TCOEFI/SPNeAtBtMAGtOAmRAtADoBDtALPAtBTAtALPAPoBTAPoOLTA2t 

IPtQtRtSMAGtOLTA 
COMMON/CO(F/CONI3OIoCCON(3OI~NCtNCON(30I 
COMMON/CONST/RATIOeZ|oZ2tZ3tI4 
MXOIXa Pe(CON(13)oCON(14)eOLTA2) 
MYOI - ALPAe(CON(I)eCON(5)eOLTA2).Oe(CON(2).CON(b)eDLTA 2 

|-CON(T)e~TAee2)*CON(B)eReALPAeBTAeALPAPeICON(3) 
2CON(9)eOLTA2-CON|IO)eBTAee2)~CON(II)eBTAPeALPAeBTA 
3*PeBTA etCON(4)*CON(12)eDLTA2) 
MZOZ • -BTAe(CON(I)~CON(5)ODLTA2),Re(CON(2)¢CON(b)eOLTA 2 

|-CON(7)eALPAee2)~CON(8)e~eALPAeBTA-BTAPe(CON(3)~ 
2CON(9)eOLTA2 - CON(|O)eALPAee2)-CON(||)eALPAPeALPAeBT A 
3*PeALPAe(CON(4)*CON(12)eOLTA2) 

MXO|X•MXU|X*CON(IO),PeCON(|I)eDLTA 
MYOIaMYO[*ALPAeCON(3)eOLTA*QeCON(9)eOLTA 
MZOI=MZOI-BTAeCON(3)eDLTA~ReCON(9)eOLTA 
MYT•CON(~I)eTHTA 
MYT•MYT*CON(20)eTHTAP 
MZT•CON(22)ePSI 
MZTuMZT*CONIIg)*PSIP 
MXOIXaMXO|Xt(MYTeOSIN(PSI)eOCOS(THTA)-MZTeDSIN(THTA))/RAT|O 
MYOIsMYOI~MYTeOCOS(PSI) 
MZOI•MZOI*MYTeUSIN(PSI)eOSIN(THTA),MZTeOCOS(THTA) 
RETURN 
ENO 
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Table 2. Fortran Listing: Asymmetric Parameter Extraction Program 

C 
t: 
C 
C 
C 
C 
C 
C 
C 
C 

A N G L E S  

VARNER VERSION I APR, 197T 
COMPUTES AERO COEFFICIENTS FOR MIRROR SYMMETRY BODY 
BODY AXIS SYSTEMt AERODYNAMIC ASYMMETRY 
EXACT 3 uOF EQUATIONS UT|L|ZED 

IMPLICIT REALeBIA'HtO'Z) 
REALO 8 IXtlyt|ZtlZXtJXIJYtJZt|XPtlYPtlZPIMXItMX]IMYItMY2~MZ|~MZ~ 
~EALe8 ALIST(?2) 
REAL~8 CARD||O) 
REAL~ TSIIOOO)~PHISIIOOO)iTHTAS(IOOO)tPSIS(IO00) 
DIMENSION AUX(S~438)tY(~38)eOERY(~38)~WAX(7~)~ACON(?~)eCT(?~e73) 

I t~X¢?~) tAACON(T~)eCC(T~t I4~)  
EXTERNAL FCT~DRKGS 
COMMON/MEAS/PHIM(IOOO)tTHTAM(|OOO)~PSIM(|O00) 
COMMON/SOL/T(IOOO)~PHI(IOOO)eTHTA(|OOO)tPSI(IO00) 
COMMON/COEF/CON(TZ)eCCON(7~)~NCtNCON(7~) 
COMMON/NATRIX/CIT~73)tRESSUMeS|GPH[~SIGTMAt SIGPSI 
COMMON/CONST/JXtJY~JZtlXPtIYPtlZP~IANGLE~IXtIYelZ 
COM~ON/CONST2/NXI~MX~tHYItMY~tMZItMZ2~A 
EQUIVALENCE (AUX(|)tCT(I))I(Y(I|tCT(~I91)It(UERY(I)tCT(~6~9))t 

1 (CC(1) tC¢1) )  
Z eIPHIS(|)tPHI(I)It(TMTAS(I)~THTA(I))~(PSIS(|)~PSX(|)) 

DATA ALIST/ICM 0 ~t~CM A ~ tCM HA ~ t C H  A~ tt~CM A HA ~t 
l tCM A3 ~ttCN A~ HA~I~CM MB ~t~CM B~ t~CM B~ HBt~tCH A HB t t  
2~C~ MAB |~ICN A~ HBtt ICH ~AB At t tCH A B~ IteCM HA B2~tCMQ 0 t~ 
3oCMQ A I~IC~Q MA tttCMG A2 I~tCMQ A MAItlCMG MB IttCMQ B~ t t  
CtCMQ A M~otICMQ MAB eteCMR B I~ICHP B I t tCN 0 t t tCN B ct 
SICN A B ~ t C N  MA B tetCN ~3 I t tCN A~ B I t l C N  B NB I t l C N  B MABIt 
btCNR 0 t t tCNR A teeCNR MA I t lCNR A~ I~tCNR NB I t tCNR B~ ~t 
TtCNR A MAtttCNR A MBte~CNR MAB tttCNO B t t tCNP A te tCL 0 te 
8teL A ~t~CL B ~ C L  A B ~ C L  HA 8 t~tCL B HB t~ lCL P | t  
9tCLP HA ~ttCLP MB ~ C k P  A~ t teCLP B~ t~DUMNY tttDUMMY t l  
t~ |ZX e~ICNR TUN tt lCMO TUN I I tCMA TUN I I lCNB TUN IItFLOANG Tee 
ttFLOANG P t t t p H I ( O )  t t tTHTA(O) t~ tPSI (O)  t t t p ( o )  t t tQ (O)  t t  
e0R(O) o/ 

N&MELIST/NAM/NSWTCHtNTOTtNCtNITEReDTHINtBOUNDtAREAtDIAtIXeIYoROtUt 
IAACONtNCONtNSESWHtSPHIeSTHTAISPS|tAHPHItAMTHTAoAHPSIo 
2SAMPLEtNDELTAtIUPDATtIZt|ZXoIANGLEtZNLCONoDTGEN 
3tIGPNOt|BLKNOtIRCGENtSIGPHIoSIGTHAoSIGPSItNSTARTtIRCSTR 

100 FORNAT(|HItZOXI teeeeeeee INPUT DATA e e t t e e t e t e / t  
I|XtIGROUP NUMBER st t IS jSXeIBLOCK NUMBER m I ~ l S e / t  
19XeeTIMEetIOXtlPSIIt|OXeITHETAtlIOXtePHIet//) 

10! FORNAT(TFIO,O) 
102 FORHAT(5 ( t 4 (E |3eb t lX I ) .  
103 FORMAT(SAeZIABt2AtZ(E|3,bISX))) 
104 FORHAT(/ I |Xt I |TERATION NOteXSe/t2(2|XttCONttl|XltOELTA CONI)) 
105 FORMAT(2( I IX l tF INAL CONSTANTS AND PROBABLE ERROReeIOX)e/! 
lOb F O R N A T ( 2 ( S X t t C ~ t t l 3 o l ) m t t E l 3 ,  6 t S x e t ( l e E l 3 o b t l ) e t Z x t A 8 ) )  
|OT FORHAT(IH|tSXteDATA FIT COMPARISONl t / / t | IX t  IT IMEt t  

|3XtePSI/FITet3X~IPSX/EXPIt3XoIDEL PSIttZXe0THTA/FITIt2XotTHTA/EXP e 
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Table 2. Continued 

C 
C 
C 

2o2XtOOEL THTAOt2XtoPHI/FITIm3XtOPHI/EXPtt3AtODEL PHI to / )  
108 FORMAT(SAjF|Oebo9FIO.3) 
109 FORMAT ( |Xtoeeee CONVERGENCE CRITERIA NOT SATISFIED AFTEROe|4t 

IIX,OITERATIONS eeeet) 
110 FORMAT(IHItlXotSUM OF RESIOUALSOtEI3.GoSXwONEW PROBABLE ERRORmet 

IE I3 .b tSXt tOLD PROBABLE ERROR sotE13oG) 
111FORNATC4FIO.4) 
112 FORMAT(|XeTO(tet)t/t|XteeeeeQeee ERROR e e e e e e e e t t / t | X t  

IeNO OF CONSTANTS ALLOWED TO VARY EXCEEOS TOTAL NO OF DATA POINTS 
2USEOte/ t |XeTO(teo))  

200 FORMAT(lXeIO(teo)to AEROUYNAM]C COEFFICIENT EXTRACTION BY CHAPMAN 
IKIRK METHOD I t 3 0 ( o e o ) t /  olXoONSWTCH a l t ISeO(  mot NORMAL DATA REOU 
2 C T I O N ° t / ~ l T X t ° k l t  3DOF DATA GENERATED9 NO ITERATIONOo/o 
317Xetm2t 3DOF DATA GENERATED AND STORED ON TS PACK)Ot/PlXetIUPDAT 
41° t ISoo(aOt  INITIAL GUESSES NOT UPDATED FOR FOLLOWING SHOTOt/o 
5~TXteNE Oi INITIAL GUESSES UPDATED) t) 

302 FORMAT(IAeOIANGLE s t t I S t e ( a O t  ALPA AND BETA |N TERHS OF VELOCITY R 
|ATIOSeot/o|TXteNE Oe ALPA AND BETA IN TERMS OF ANGLE OF ATTACK AND 
3 SIOESLIP)ot/elXeOINLCON mo t I see ( :  Ot INITIAL CONDITIONS EVALUATED 
4 FROM DATAOt/oITXoONE OoINPUT VALUES USED)t) 

201 FORMAT( /t|XtOpARAMETERS e t e o e e t t t / o l X t I N O  OF POINTS (N) nee(So 
ItTOTAL NO VARIABLES (NC) m°elStSXtOTOTAL NO ITERATIONS (NITER)mID 
2ISe/tlXo°INTEGRATION STEP SIZE(DT)mOoEB.2,SXotCONVERGENCE BOUND ON 
3 ITERATI'IN (BOUNO)RtoEBe2t//olXttBODY eeeeeeeeot/elXtOAREA at e 
4FlO.btoFTee2t tSXteDIA : t tFlO.GteFTOt/elXttXX mOtFl2eTtoSLUGS-FTee2 
5otSXeOlY sOtF|2oTioSLUGS-FTee2tt/elXoOZZ mOtF12oTttSLUGS-FTee2t t 
65X, t IZX :OtFl2oTtoSLUSS-FTee2o) 

~02 FORMAT(/~IXttFREE STREAM teeeeeeeot/olXtODENSZTY (RO) ~O~El~eTt 
I°SLUbS/FTee3ttSX~tU mtoFIO.¢eOFT/SECO~/ olXtICOEFFICIENTS t e t e e t t )  

203 FORMAT(IXt2(oACON(|tI3oo) mo~El3.Gt2XeO(teABoO)oeSX~oNCON(OtI3t 
I o) mOol~,SX)) 

301FORMAT(IHI) 
303 FORMAT(IXtOBEGINNING RECORD NUMBER nooIS) 
~OI FORMAT(IUAB) 
• 02 FORMAT(IxtlOA8) 
¢0¢ FORHAT(lXo¢O(teo)tt  INPUT CARD IMAGES oe¢O(OeO)e//) 
606 FORMAT(IHI) 
• 07 FORMAT(IXtONOTE - ot|OAB) 
502 FO~MAT(|Xebg( tet )~/e |Xet~ee~ 3DOF GENERATED DATA STORED BEGINNING 

2ON RECORD NUMBEROoIS~Xetee~e~,/tlXetUNOER IGPNO mooISt2Xt 
3 ° AND IB~KNO 8etlS./,lXtOllul.TO,/,lX,Ollm2oPHlOo/elX. 
~olZm3~THTAOg/tlX~lZl~gPSIBt/tlxgbg(~eo)) 

~RITE(06~O~) 
¢0~ READ(OSt¢OIeENDm¢O3)CARD 

~RITE(ObtGO~)CARD 
~0 TO ~05 

~03 REWIND S 
~EAD(OSo~OI)CARO 
WRITE(06~06) 
DEFINE FILE OT(II~Ot~OIGeLtIREC) 

INITIALIZATION 

IPRINTmO 
NPRINTmO 
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Table 2. Continued 

C 
C 
C 

C 
C 
C 

998 READ(OSINAMtEND8999) 
AACON(60)mIZX 
NINTOT 
WRITE(O6t301) 
WRITE|O6t2OO)NSWTCHtIUPOAT 
WRITE(O6t302) IANGLEtINLCON 
WRITE(Obt407)CARD 
WRITEIOGw20|)NTOTeNCtNZTERtDTMIN~BOUNOtAREAtOIAtIXoIYtIZtIZX 
WR|TE(Obt202)ROtU 
NCO2mNC/2 
DO 204 I=XtNCO2 
ITmI~NCO~ 
ACON(IT)mAACONtIT) 
ACONil)=AACON(I) 

206 ~RITE(O6t203)ItACON(1)gALIST(I)tItNCON(I)tITIACON(|T)t 
IALISTIIT)tITgNCON(IT) 
PI • 3.i41592D*0 
A • PI/IBO,OtO 
IF(NSWTCH)8eSo7 

DATA INPUT 

7 CONTINUE 
T(|lmO,O*O 
DO 10 Zw2tNTOT 
T(I IaT(I - I )*OTGEN 
PH|N(I)mOeD*O 
THTAN(I)aO.D*O 

10 PSZ~(I)mO.D*O 
PHIH(|)mOeO*O 
THTAMI|)mOeO*O 
PSIN|I)mO.D*O 
GO TO 9 

8 CONTINUE 
IRECml 

500 REAO(O7;ZREC)IGPTtlBLKt.IItTS 
IF(IGPNO.NE.IGPT) GO TO 500 
IF(I8LK.NE.IBLKNO) GO TO 500 
I F ( I I . N E , I )  GO TO 500 
REAOI07O[REC)IGPNOtIBLKNOt|IIPHIS 
REAO(OTO[R(C)IGPNOtIBLKNOt|ItTHTAS 
REAO(OTeIR(C)IGPNOtIBLKNOtZlePSIS 

5 0 4  

OATA ALTERATION 

DO 504 |mltNTOT 
T(1)mTS(I) 
PHIH(IImPH|S(I) 
THTAMII)mTHTASII| 
PSIM(I}=PSIS(1) 
IF(NPRINT.EQ.IGPNO.ANO.IPRINT.EO.ISLKNO) 
wRITEIO6eIOO)IGPNOtIBLKNO 
;RCTMPmIREC-4 
WRITE(06~303) IRCTNP 
LOOPmO 

GO TO 4 
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Table 2. Continued 

C 
C 
C 

NLOOPm| 
DO 4 ImltNTOT 
WRITE(O6tlO2)T(I)tPSIM(I)tTHTAM(I)tPHIM(|) 
LOOP•LO0#*| 
KLOO~mNLUOPeSO 
|F(LOOPeLT,KLOOP) GO TO 
NLOOPaNLUOPt| 
WRITE(O6~IO0) IGPNOtIBLKNO 

4 CONTINUE 
NP~INTuIGPN0 
IPRINTa|BLKNO 
CALL PART(SAMPLEgNDELTAtNoNTOTtNSTART) 
IF(NSESWHeEQ,I)CALL NOISE(SPHItSTHTAeSPSItAMPHZtAMTHTAtAMPSIt 

INtSAMPLEtNOELTA,NTOT) 
IF(INLCON.EQ,O) CALL [CS(ACON) 
O0 46 I I | t N  
P S I M ( I )  = P S I M ( I ) * A  
THTAM(I) • THTAM(I)OA 

4b P H I M ( I )  • PMZM(Z)eA 
g CONTINUE 

NSUMmO 
DO I !  ZultNC 

| 1  IF(NCON(I)eEQe|) NSUM:NSUM~| 
SUM : NSUM 

DEFINE PARAMETERS AND TRANSFORM COEFFICIENTS IN SUB REG 

O0 12 Im|lNC 
12 CCON(I)mNCONtI) 

QINF • ROe(Uee2)/2oO~O 
JXmlZX/lX 
JY• IZXI IY  
JZmIZX/IZ 
I X P a ( I Z ' I Y ) / I X  
I Y P m ( I X ' I Z ) / I Y  
I Z P • ( I Y ' I X ) / I Z  
SQTTiOIA/(2eD*OeU) 
SQTUQINFeAREAeOIA 
MXIaSQT/IX 
MX2•MXIeSQTT 
MYIaSQT/ZY 
MY2aMYIe3QTT 
MZIaSQT/IZ 
MZ2mMZIe~QTT 
CALL REG(ACON) 
XNaN 
CHECKI3eU~OeXN-SUM 
|F(CHECKoLE,OoO~O) GO TO 997 
NT:NC*I 
EmO,O~O 
NR•O 

20 CONTINUE 
JX•CON(bU)IIX 
OYaCON(bU)/IY 
OZmCON(60)/IZ 
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Table 2. Continued 

C 
C 
C 

INTEGRATION 

CALL XNTGRL(FCTtORKOStNtERRORtAUXtYoDERYIOTMIN) 
IF(NSWTCHeGT,O) O0 TO ~7 
IF(NSUH,EQ,O) GO TO 47 
NRsNR*I 

CHECK FOR CONVERGENCE 

EIsOSORT(RESSUN/(3eD4OeXN'SUN)| 
RESSUNmOSGRT(RESSUH) 
WRITE(O6t|IO)RESSUNtE|o( 
1F(OABS(EI-E)-BOUND)36t3bt2| 

21 ZF(NR-N|TER)22t22t36 
22 NTRIOsO 
38 CONTINUE 

IF(NSUHoEQ,I) GO TO 33 
EmEl 

CONTRACT C MATR|X o REMOVE ZERO ROWS AND COLUNNS 

00 23 Im|tNC 
00 23 JsltNT 

23 CT( I tJ lmC( I tJ )  
LLmO 
DO 90 ImloNC 

92 IFi( I*LL)eGT,NC) GO TO 90 
IF(NCON(|*LL))9|t91o93 

91LLmLL*I 
GO TO g2 

93 LmLL*! 
O0 94 Km|tNT 

94 C(ZtK)mCT(LtK) 
90 CONTINUE 

LLmO 
LHeNSUN 
DO 80 ZoltNC 

82 IF((I*LL)eGT,NC) 60 TO 80 
IFINCON(|*LL))81oGlt83 

el LLmLL*I 
GO TO 6Z 

63 LmLLtZ 
00 64 Ka;eLN 

84 CT(KII)mC(KtL) 
80 CONTINUE 

O0 85 ZmltLN 
85 CT(ItLN*~)mC(IINT) 

LmNSUH 
LLmNSUM*I 
00 Tl I l l o L  r 
00 ?1Jml tL  

71C( | tJ )mCT( IoJ)  

MATRIX INVERSION OF C 

146 



A E D C-TR -78-10 

Table 2. Continued 

C 
C 
C 

IFINTRIO)4Ot2?t40 
27 CALL INV(CT,LeLL,MXeCC) 

GO TO 41 
40 CALL INV(CTtLtLtWXeCC) 
41 DO 32 ImltNC 

C(IoLLImO,U*O 
WX(I)mCT(Iol)  

32 WXX(ItmO,O*O 
LMmO 

EXPAND C INVERSE TO INCLUDE ZERO ROWS ANO COLUNNS 

DO 311ml tNC 
IF(NCONI | ) )2Bt28t30  

28 LNmLN-I 
GO TO 31 

30 ITmLM*I 
ClloLL)mCT(ITeLL) 
MXX(I)mMA(IT) 

3|  CONTINUE 
GO TO 34 

SOLVE FOR CORRECTION TO COEFFICIENTS 

33 DO 35 ImleNC 
IF INCON(1)° I I39e49t49 

49 C ( I P N T ) m C ( I t N T ) / C ( I t l l  
w X X l l ) 8 1 , O * O / C ( I , I )  
GO TO 35 

39 C(ItNT)mO,D*O 
WXXll)uO,D*O 

35 CONTINUE 
LLaNT 

34 IF(NTRIG,EQeI) O0 TO 42 
WRITE(O6tIO4)NR 
DO 60 ImltNC 

" 60 WXX(IImC(ItLL) 

TRANSFORN COEFFICIENTS AND CORRECTIONS IN SUB REGOUT 

CALL REGOUT(ACONtMXX) 
DO 50 ImIPNC02 
ITmI*NC02 

SO WRITE(O6tlO3)ALIST(I),ACON(I),WXX(1),ALIST(IT)tACONCIT)tMXX(ZT) 
00 43 ImloNC 

43 CON(I)mCON(I)*C(I tLL) 
GO TO 20 

36 CONTINUE 
NTRIGml 

37 GO TO 38 
42 CONTINUE 

CU~PUTE PROBABLE ERROR IN COEFFICIENTS 
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Table 2. Continued 

C 
C 
C 

DO ~4 ImltNC 
44 WAX(I)mEIeDSGRT(OABS(WXX(I))) 

CALL REGOUT(ACONeMXX) 
wRITE(OStlO5) 
IF(NR,GT,NITER)WRITEIO69109)NR 
DO 45 ImIoNCOZ 
ITmI*NC02 

45 WRITE(ObtlOb) IoACON(I)gMXX(1)tALIST(I)tITtACON(IT)oWXX(IT) 
I oAL IST ( IT )  

47 WRITE(ObtlO?) 
LOOP:O 
NLOOPml 
IRECmIRCGEN 
DTTENPmT(2)°T(I) 
DO 48 ImloN 
TTmT(I) 
Zl  m P S I ( I ) / A  
Z2 z P S I M ( I ) / A  
Z3 • THTA( I ) /A  
Z4 • THTAM(I) /A 
ZS • P H I ( I ) / A  
Z6 • PH |M( I ) /A  
ZIOmZI°Z2 
Z i lmZ3-Z4 
Zl2mZ5-Z6 
WRITE(O6tIOS)TTtZItZ2,ZIOtZ39Z4tZIIoZSIZbtZI2 
THTAS(I)mZ3 
PS lS ( I )mZ l  
TS(I)mTT 
PHIS(I)mZS 
IF(NSWTCHoNE,O) GO TO 597 
TS(I)mZIO 
P H I S ( I ) a Z I I  

597 CONTINUE 
LOOPmLOOP*| 
KLOOPmNLOOPe§O 
IF(LOOPeLT,KLOOP) GO TO 48 
NLOOPmNLOOP*I 
WRITEIO6910T) 

48 CONTINUE 
IF(NSMTCHoNE.O) GO TO 599 

COMPARISON OF FIT DATA AND EXPERIMENT STORED 

IRECmIRCSTR 
|FIIRCSTReGEIIRCGEN'3eAND.IRCSTR.LEelRCGEN*3) GO TO $99 
wRITE(ObtSgB)NSMTCHwIRCSTRtIGPNOtIBLKNOeDTTEMP 

598 FORMAT(IH|t lXttNS~TCH met ISe / t lX le3DOF DATA STORED BEGINNING AT RE 
1CORD I t |~ t2Xt tUNDER IOPNO se , IS t2X t IAND IBLKNO m t e l S t / t l X t e l l m S i T H  
2TAtt/eIXIIlIIbtTHTA-THTAMIo/tlXeI||eTtPSIIt/~IXtIIIIBtPSI'PSIMtt 
3/t lXt lOT IIIFTe¢g~XIISECIIIHI) 

l lm~ 
wRITEIOTIIREC)IGPNOtlBLKNOtlIeTHTAS 
l lm6  
WRITEIOItIRECIIGPNOtlBLKNOeIIePHIS 
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Table 2. Continued 

C 
C 
C 

$99 

SOl 

997 
99b 

995 

999  

llmT 
wRITE(O?OlREC)IGPNOtlBLKNOolItPSIS 
l ime 
~RITE(OT°IREC)IGPNOtlBLKNOIIIeTS 
CONTINUE 
IF(NSMTCHoN(°2) GO TO SOL 

3DOF GENERATED SOLUTION STORED 

wRITE(O6oSO2)IRCGENeIGPNOtIBLKNO 
l l a l  
WRITE(OT°IREC)IGPNOeIRLKNOtIIoTS 
lZm2 
wRITE(OI°IREC)IGPNOolRLKNOtlIoPHIS 
IZm3 
WRITE(OTtIREC)IGPNOgIBLKNOolIoTHTAS 
I I n ¢  
wRITE(O?OIREC)IGPNOtIBLKNOoIIePSIS 
CONTINUE 
GO TO 99b 
MRITE(ObtIL2) 
CONTINUE 
IFIIUPOAToEO.O) GO TO 998 
DO 995 ISItNC 
AACON(I)mACON(X) 
IZXSAACON(60) 
GO TO 998 
CONTINUE 
STOP 
ENO 

SUflROUTINE NOISE(SPHItSTHTAtSPSIoAMPHIeAHTHTAoAHPSIoNo 
ISAHPLEeNUELTAtNTOT) 

THIS SUa~OUTINE ADDS GAUSSZAN NO|SE TO DATA 
IMPLICIT REALe8(A-HtOeZ) 
CONNON/MEAS/PHIM(IOOO);THTAN(IOOO)tPSIM(~O00) 
COMMON/SOL/TI|OOO)ePHIIIOOO)eTHTA(IOOO)ePSI(|O00) 
WRZTE(ObeIOO)SPSItSTHTAoSPHItAMPSItAMTHTAtAMPHIJN 
CALL TIME(IYEARwlSEC) 
IF i ISEC°IO00)  5 tS t6  
ISECulSEC-IO00 
~0 TO 7 
IXm(ISEC~IYEARIe2*| 
IYmlXt2 
IZalA64 
SIGIPHmO,O*O 
SIG2PHnOoD*O 
SIG3PHmO,D*O 
SIGITH80.OtO 
SIG2THsO,D*O 
SIG3THm0,O*0 
SIGIPSmOoD*O 
SIG2PSzOoD*O 
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C 
C 

C 

SIG3PSaO.DtO 
TOTPHImO.D~O 
TOTTHAmO.O*O 
TOTPSIuOoO*O 
LOOP81 
NLOOP8| 
DO I0 |81tN " 
CALL GAUSS(ZXeSPHXeANPHZgVPH|) 
CALL GAUSS(IYtSTHTAgAHTHTAgVTHTA) 
CALL GAUSS(|ZeSPSIgAHPSIIVPS|) 
PHXH(X)sPHIM(X)~VPH; 
THTAM(I)mTHTAH(I)~VTHTA 
PSIN(X)mPSIM(I)*VPS! 
TOTPH;sTOTPH[~VPHZ 
TOTTHAmTOTTHA*VTHTA 
TOTPSZmTOTPSI*VPS! 
PsDABS(VPHZ) 
gmDABS(VTHTA) 
RmOABS(VPSZ) 
|F(P.LTISPHI)S|GIPHaSIGIPH*IoD*O 
|F(PoGEoSPHZeANOoPoLTe2tO~OeSPH||SZG2PH=SIG2PH~|eO~O 
IF(P.GEe2eD*OeSPHIeANDoP.LEe3eO~OeSPH[)SIG3PHmS|G3PH~|eOtO 
IF(QeLT.STHTAISIGITHmSIGITH~IeO*O 
ZF(Q.G(eSTHTAoANDoG.LTo2.0~OOSTHTA)SIG2THmSZG2TH*IoO~O 
|F(QeG(.2oOtOeSTHTAoANO.QeLE.3eO*O°STHTA)SIG3THo$1G3TH*|oO *0 
ZF(RoLTeSPSI)SIGIPSmSIGIPS~I,0*O 
IF(R.GEoSPSI.AND.RoLTe2.0*OeSPSI)S|G2PSmSIG2PS*|oD~O 
IF(R.GE.~eD*OoSPSI.ANOoRoL(.3.D*O°SPSI)SI63PSaSIG3PS*Io o*O 

10 CONT|NU( 
NRITE(O6tlO3)TOTPSIeTOTTHAoTOTPHIeSIGIPStSIGITHtSIG|PHo 

ISIG2PStS|G2THoSIG2PHtSIG3PSgSIG3THeSIG3PH 
100 FORHAT(|H|91Xt eeee GAUSS|AN NOISE ADO(O eeetg/g lX9 

I~ONE STANDARD O(VIATION - PSI 8ttFIOeboSX~eTHETA aetF|Oo6tSXo 
2tpH| oetFIOo69/t|XteCONSTANT BIAS - PSI :egF|Oob~SX9 
3eTH(TA :e~FlOo6oSXtePHI'meeF|Oo69/tlX9 eTOTAL NO OF TI~E POINTS USE 
~D IN FIT |N)mtglS) 

103 FORNAT(|H|~IX~eSUM OF NOIS( ADOEO°9/obXt~PSIt~6XteTHTAe97Xt°PHle~ 
I.tlX~3FIUe3~//91XteNOIS( CONTRIBUTION NITHIN ONE SIGHAet/o 
26X~epsIe96X~eTHTA~TXgtPHI~/tlX93F|Oe3e//t 
31XoiNOISE CONTRIBUTION 8(T~EEN ONE SIGMA ANO T~O SIGMAeo/9 
¢6XgepsIetbXteTHTAt97X~ePHIeg/~|X93FIOe39//9|XteNOISE CONTRIBUTION 
5BETWEEN T~O SIGMA ANO THREE SIGHAeg/~6XgtpsIeo6XttTHTA°97XttPHlt9 
6/91X~3F|O~3) 

RETURN 
END 

SUBROUT|NE RANDU(IXtIYtYPL) 

IHPL|C;T REALe8(A-HoO-Z) 
IYm|Xe65539 
lF ( |Y)S tbgb  
|yslY,2147483647~I 
YPLSIY 
YpLxYPLe.6656613D-g 
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C 
C 

C 

RETURN 
END 

50 

SUBROUT|NE GAUSSIIX,StANtV) 

IMPLICIT REALeBIA-HtO-Z) 
AmO,O*O 
DO 50 Im|o48 
CALL RANOU(IXtIYoY) 
I I • I Y  
AaA*Y 
Vm(A-24,~*O)/2,O*O 
V•VIS4AM 
RETURN 
END 

5UBHOUTINE ICS(ACON) 

IMPLICZT REALQ8 (A-HtO-Z) 
DIHENSION ACON(7Z) 
COMHON/HEAS/PH|M(IOOO)oTHTAM(|OOO)mPSIH(IO00) 
COMMON/SOL/T(|OOO)oPHI(IOOO),THTA||OOO),PSI(|O00) 
U T m T I 2 ) - [ ( I )  
PHIOmPHIM(I) 

THTAOzTHTAMII) 
PSIOmPSIM(I) 
PHIP • (PHIH(2I -PHIO)/OT 
THTAP • (THTAM(2)-THTAO)/OT 
PSIPm(PSIM(2)-PSIO)/DT 
ACON(70):PMIP-PSIPeOSIN(THTAO) 
ACON(7|)mTHTAPeOCOS(PHIO)~PSIPeOCOS(THTAO)eOS|N(PH|O) 
ACON(T2)•PSIPeDCOS(THTAO)eOCOS(PHIO)-THTAPeOSIN(PHIO) 
ACON(bTIaPM|O 
ACON(68)•THTAO 
ACON(bg)aPSIO 
RETURN 
END 

13 

SUBROUTINE PART(SAMPLEtNOELTAoNoNTOToNSTART) 

IMPLICIT REAL*8 (A-HtO-Z) 
COMMUN/HEAS/PHIM(IOOO)oTMTAM(IOOO)oPSIM(IO00) 
COMMON/SOL/T(IOOO)tPHI(IOOO)tTHTA(IOOO)tPSI(IO00) 
DO 13 Im~oNTOT 
I F ( T ( I ) . N E . O . O * O )  NTEMPm| 
CONTINUE 
TMAXmT(NTEMP) 
~0 11 ImNSTARTtNTOT 
dm( I - I )eNDELTA* I  
IFIJ.GT.NTEMP) 50 TO 11 
RATIOn(T(J)-T|NSTART))/TMAX 
IFIRATIO.GT.SAMPLE) GO TO 11 
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C 
C 

NmI 
T(1)mT(J) 
PHIM(I)mPHIN(J) 
THTAM(I)mTHTAM|J) 
PSIN(I)mPSIH(J) 

11 CONTINUE 
NmN~IoNSTART 
DO 12 181 iN  
JmI*NSTAHT'I 
TEl)aT(J) 
PHIM(I)~PHIM(J) 
THTAH|I)mTHTAH(J) 

IZ P S I M ( I ) a P S I N ( J )  
NImN*I 
IF(NTOToLToNI) GO TO 14 
DO IS ImNItNTOT 

IS T(I)=OoO*O 
14 CONTINUE 

~RITE(OboIO)SAMPLEtNDELTAtNSTARTtNtT|I)tT(N) 
10 FORNAT(IHIeIXt t e °e t  OATA BLOCK ALTEREO eeeeet/tlXteSAMPLE 

IF?o4t/tlAe0NOELTA 81tISo/olXeINSTART n~eISe/t lXoeN 8et ISo/9  
21X t tT ( l )  • t tFTe49§XleT|N) m eoFTo6t/t  
31X9281tee)) 

RETURN 
END 

SUBROUTINE ORKGSCXIeYtDERYeNOIHtFCTIAUXIOTtNOT) 

IMPLICIT REAL°B(A-HtO-Z) 
DIMENSION Y( I )oOERY(I t jAUA(591)  
XmXl 
DO 5 JmIgNDT 
DO 1 Ia l tNDIN 

I AUX(Stl)mY(I) 
CALL FCT(XtYtOERY) 
00 Z ImltNOlN 
AUX(Iol)aDERY(1) 

2 YClIsAUX(Stl)e,SD*OoDTOAUX(ItZ) 
XTEHPmXeeSOeOOOT 
CALL FCT(XTENPtYoDERY) 
DO 3 ImltNOIM 
AUX(29IInOERY(I) 

3 Y(1)mAUA(Stl)*.SO*OeOT oAUx(2oI) 
CALL FCT(XTEHPtYoOERY) 
DO 4 ImlgNOIN 
AUXI39I)mDERY(I) 

6 y(I)sAUX(StI)*DToAUX(311) 
XuX*OT 
CALL FCT(AoY9OERY) 
DO S IBIoND|N 
AUX(~tl)mDERY(I') 

S YII)mAUX|Sll)*DTOIAUX(I t l ) * (AUx(2o l )~AUx(3 t I | )O2"D*O 
| * A U X ( 4 e l ) ) / 6 . O * O  
RETURN 

8 g  9 

I 
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C 
C 

C 

3000 

END 

FUNCTION DUMIIPJ) 

INPLICIT REALeB(A-HtO-Z) 
UUMmO.O*O 
I F ( | . E O . ~ )  OUMmI.D*O 
RETURN 
END 

SUBROUTINE INV(CtNCtNCSItWXXtCC) 

|NPLICIT REALeB(A-HtO-Z) 
DIHENSION C(72t73)eWXX(T2)tPIVOT(2)gCC(72t144) 
FORMAT(/IOAttOET IS EQUAL TO ZERO o) 
NCTmNCe2 
NCPImNC*I 
O0 10 ImloNC 
O0 10 JmI.NC 

10 C C ( l t J ) m C l 1 , J )  
UO 20 ImitNC 
DO 20 JtNCP|eNCT 

20 CC(ItJ)mO.O*O 
O0 30 l l l t N C  

30 CC(IoNC*|)mI.O*O 
00 205 Im|tNC 
P I V O T I I ) = C C ( I t l )  
DO 200 KmloNC 
PIVOT(2)mCC(Kt l )  

126 I F i K - I )  135t1309140 
130 00 150 ~mltNCT 

I F ( P I V O T ( I ) )  13~t210t134 
134 CCiK tJ )mCC( IoJ ) /P |VOT( I )  
|SO CONTINUE 

GO TO 200 
135 O0 lbO dml 

IF (P IVOT( I  
136 CC(KoJ)mCC 
160 CONTINUE 

GO TO 200 
160 00 ITO dmlINCT 

IF (P IVOT(2) )  1~5w170ol45 
165 CC(K,J)mCCiKoJ)/PIVOTI2)-CC(I.J) 
170 CONTINUE 
200 CONTINUE 
205 CONTINUE 

GO TO 25U 
210 wRITE 16o3000) 
250 DO 300 I ' l t N C  

DO 300 J=|tNC 
300 C( I , J )mCC( | t J *NC)  

NCSmNCSI 
350 IF(NCS-NC)5OOtSOOo400 

oNCT 
)) 136t160t136 
IKtJ)oCCI|tJ)ePIVOTC2IIPIVOT(I) 
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C 
C 

400 DO 420 ImltNC 
wXX(I)mC(IeNCS) 

420 CtItNCS)mOeO*O 
O0 450 lm|tNC 
DO 450 Jm|tNC 

450 C(I INCS)=Ci loNCS)*C(I tJ )eWxx(J) 
NCSaNCS-I 
GO TO 350 

500 CONTINUE 
RETURN 
END 

SUBROUTINE INTGRL(FCT~DRKGStNtERRORtAUXtYtOERYIOTMIN) 

IMPLICIT REALeB(A-HoO-Z) 
DIMENSION AUX(5,1)eY( I ) tDERY( I )  
¢OMMON/MEAS/PHIM|IOOO)tTHTAMKIOOOIePSIM(IO00) 
COMMON/SOL/T(IOOO)tPHI(IOOO)tTHTA(IOOO)tPSI(IO00) 
COMRONICUEF/CONtT2)tCCONtT2)tNCINCON(T2) 
COMMON/MATRIX/C(T2tT3ItRESSUMoSPHItSTHAeSPSI 
AIb.2831853|O*O 
NLmNC-5 
O0 10 |mlo6 

10 Y(I)mCON(NL*I ' I)  
O0 111mltNC 
Y(b*I)aOUM(NLt|) 
OO 11J=I,5 

11Y(b*JeNC~I)mOUM(NL*JtI) 
NEQm(NC*I)e6 
DNEQmNEQ 
NLmNC*| 
Kml 
PHI(K)mY(|) 
THTA(K)mY|2) 
PSI(K)mY(3) 
THTA(K)mTHTA(K)*CON(b§) 
PSI(K)BPSI(K)*CON(66) 
DPHImPHIM(K|°PHI(K) 
IF(OPHIILTe(-A/2eD*O)) PHI(K)mPHI(K)-A 
IF(OPHIe6Te(A/2eD*O)) PHI(K)mPHI(K)*A 
DO 19 ImleNC 
y(b~NC*I)kY(b*NC*I)~DUM(65~I) 
y(b~eNCtl)lY(6~2eNC~I)~OUM(661I) 

19 CONT;NUE 
DO 12 ImliNC 
DO 12 dmltNC 
C( i i j )my (6o I ) *Y (b , J ) /SPH lee2  • y(6~NC*I)eY(6*NC*J)/STHAee2 

1~ YI6i2eNC~IIeY(b~2eNC *J)/SPS|ee2 
12 C(ItJ)mC(ItJ)eCCON(I)eCCON(J) 

O0 17 JaloNC 
C(JtNL)a(PHZM(K).PMI(K))eylb,J)/SPH;ee2 *(THTAM(K)-THTA(K))e 

IY(b*NC,J)/STHA~*2 * (PSIM(K)-PSI(K))eY(b~2eNC*J)/SPSIe*2 
17 C(JtNL)mC(JINL)eCCON(J) 

RESSUN • ((PHIM(K)-PHZ(K))/SPH;)ee2 • ((THTAM(K)-THTA(K)I/STHA)**2 
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1* ( (PSIM(K) -PS[ (K) ) /SPS| )ee2  
DO 13 KmZtN 
X I a T ( K - | )  
DTE:T(K) -T (K- I )  
DTmDTE 
NDTal 
IF(OTMINeGE,DTE) GO TO 18 
NDTmUTE/DTM]N 
DTmNUT 
DTmDTE/DT 

18 CONTINUE 
CALL DRKGS(X|IYoDERYtNEOtFCTtAUXlOTtNDT) 
I F ( Y I 1 ) e L E o ( - A ) ) Y ( | ) m Y | I ) ~ A  
I F ( Y I I ) e G E o A | Y ( | ) m Y ( I ) - A  
PH|¢K)mY(I) 
THTA(K)mY(2) 
PS|IK)mY(3) 
THTA(K)mTHTA(K)tCON|b§) 
PSI (K) :PS| |K) tCON(bb)  
DPH|mPH|M(K)-PH|(K) 
|F(OPHIeLTo(-A/2eO*O)) PHI(K)mPHI(K)-A 
|F(DPHIeGTo(A/2eO*O)) PH| (K)=PHI(K) 'A  
DO 20 I : I I N C  
Y(6 tNCt l )mY(b*NC' I ) tOUM(bSt l )  
Y(btZeNCtl)mY(bt2eNCtl)tDUM(b6tl) 

20 CONTINUE 
O0 15 la l tNC 
O0 15 JmltNC 
C ( I t J ) = Y I b * I ) e Y ( b t J ) / S P H | e e 2  , Y(b*NC~I)eY(btNC*J)/STHAee2 

1" Y(b~ZeNC~I)eY{b*~eNC~J)/SPSIee2 * CI I~J)  
15 C(I~J)aC(I~J) 'CCON(I)eCCONIJ)  

O0 lb Jm~NC 
C(JtNL)a(PHIM(K)-PHI(K))eY(b*J)/SPHIee2 ~(THTAM(K)-THTA(K))e 

|Y(b~NC~J)/STHAee~ "*  (PSIM(K|-PSI(K))eY(b*2eNC~J)/SPSIee~ • C(J~NL) 
lb  C(J~NL)mC|J~NL)eCCON(J) 

R[SSUM m ( (PHIM(K).PH~(K)) /SPHI)~e~ t ((THTAM(K)-THTA(K))/STHA)ee2 
| *  ( (PS~MIK)-PS|(K) ) /SPSI)ee~ * RESSUN 

13 CONTINUE 
RETURN 
END 

SUBROUTINE MBARJtH|oM2tM31PSIoTHTAoPHItPtQtRoPItP2oP3t 
| Ol tQ2tQ3tJ)  

[MPL|CXT REALeBIA-HtO-Z) 
NEALe8 MAGtMIoN2tM3tMYPXtMYPZtMYTPoMZPXtMZPYIMZTPt 

| MYTgNZTtNXtMYtMYZoMZtMZYoMXPtMYPtNZPtMYHZtMZHY 
COMMON/TCOEF/AtBtMAGoALPAtBT&tDLTA2oRMAtDMAIRNBtDMBtRMABtDMAB 
¢OMMON/COEF/CON(T2)tCCON(T2)oNCtNCON(72) 
COMMON/CONST2/RXItRX2~RY|eRY2oRZ|oRZ2tAA 
TEMPYIICUN(IT)tCON(18)eALPA*CON(|9)eRMA*CON(20)eALPAee2tCON(2|)eAL 

IPAeRMA~CON(22)eRMB*CON(23)eBTAee~*CON(24)eALPAeRMBtCON(25)eRMAB 
TEMPY2mOUM(|7tJ)*DUM(18oJ)eALPA*CON(IB)eAtOUM(19tJ)eRMA*CON(19)eDM 

IA *OUM(201J)eALPAee2*2eOtOeCON(20)eALPAeA~OUM(21tJ)eALPAeRMA 
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2 ~CON(21)e(ALPA°DMAtRMAQA)~DUM(22tJ) eRMB~cON(22)eDMB 
3 ~DUNt23tJ)eBTAe°2~2oD*OeCONI23)eBTAeB~OUM(241J) eALpA°RM8 
4 ~CUN(24)e(ALPAeDMB,RMBtA) • DUM(25tJ)eRMAE~CON(25)eDNA8 

TEMPYmDUM(|0J)~OUM(2eJ)eALPA~CON(2)eA * DUM(30J}eRMA,CON(3)eOMA 
; ~OUM(4tJ)eALPAee2*2eD~OeCON(4)eALPAeAtDUM(SoJ)eALPAeR MA 
2 $CON(S)e(ALPAeOMA~RMAeA)$OUM(btJ)eALPAte3~3e O~OeCON(b)eA 
3 eALPAee2 *DUM(TtJ)eRMAeALPAee2*CON(7)e(OMAOALPAee2 
4 *2eO~OeAeALPAeRNA)~DUM(StJ)eRMB * CON(8)eDMB~OUM(gtJ) e 
5 BTAee2* 2eO~OeCON(9)eSTAeB*DUM(|OtJ)eRMBeBTAee2 
6 *CON(|O)e(DMBeBTAee2 * 2eD~OeBTAeRMBeS)*DUM(IItJ)eALPAeRMB 

M2mTEMPYt CON(|I)e(ALPAeDMBtAeRMB) *OUM(|2IJ|eRMAB~CON(|2) QOMA8 
1 *DUM(|3tJ)eRMBeALPAee2*CON(13)e(OMBeAL PAte2÷2eD*OeALPAeAeRMS) 
2 ~DUM(14tJ)eRMABeALPA*CON(|4)e(ALPAeO MAS~RMABeA)tDUM(15tJ)eALPA 
3 eSTAee2*CON(IS)e(2eO~OeALPAeBTAeB~AeBTAee2)~DUM(16tJ)eRMAeBTAee 
4Z ~CON(lb)e(DMAeBTAee2*2,D*OeBTAeRMA°8)* Q2eT(MPYI~QeTEMPY2 
5 *Q3*CON(Z6)*BTA*R eOUM(2b0J)eBTA*R~CON(26)*8 *QIeCON(27)eSTA 
6 tPoOUM(27eJ)eBTA*PeCON(27)eB 

TEMPZ| m CON(36)*CON(37)eALPA,CON(38)eRMA*CON(39)eALPAe~2~CON(¢O)~ 
IRMB *CON(61)eBTAee2~CON(~2)eALPAeRMA*CON(~3)eALPAeRMB*CON(66)eRNA8 

TEMPZ2mDUN(36tJ)*DUN(37tJ)eALPA*CON(37)eA*OUM(38tJ)eRMA*CON(38)eON 
IA *OUN(39~J)eALPAet2*2eD*O~CON(39|eALPA eA * DUM(¢OtJ) eRM8 
2 *CON(40)eDMB~DUN(~I~J)eBTAee2 ~ 2eD~OeCON(~l) eSTAeB 
3 *DUM(¢2tJ)eALPAeRMA*CON(¢2)e(~LPAeDMA*RMAeA)*OUM(~3tJ) 

eALPAeRMB*CON(¢3)e(ALPAeDMB*RNBeA)*DUM(6¢~J)eRMAB 
5 *CON(~)eDMAB 

TEMPZmOUM(~8tJ)*DUM(29tJ)eBTA*CONI29)eB*DUM(30tJ)eALPAeBTA 
1 *CON(30)e(ALPAeB*BTA~A)~DUM(31tJ)eRMA eBTA~CON(3|)e(STAeOHA 
2 *RMAeB)*OUM(32tJ)eBTAee3~3,D~OeCON(32) ~BeBTAee2 
3 ,DUM(33tJ)eBTAeALPAee2 * 2~D,OeCON(33)eALPAeBTAeA*CON(33) e 8 

eALPAee2 • DUMI36tJ)eBTAeRMB*CON(3~)e(BTAeOMB*RMBeB) 
5 *DUM(35~J)eBTAeRMAB~CONI35)e(BTAeOMAB~RMABeB) 

N3m TEMPZ* Q3eTEMPZI*ReT(MPZ2*QeBTAeDUM|~S~J)*CON(~5)e(Q2 eBTA 
1 ~Qe8) * DUM(46eJ)ePeALPAtCON(~b)e(QIeAL PAtPeA) 

Mlm OUM|¢Ted)* OUN(68tJ)eALPA*CON(¢8)eA *OUM(49eJ)eBTA~CON(69)eO 
I *OUM(SOtJ)eALPAeBTA*CON(SO)e(AeETA*ALPAtB)*DUM(SleJ)eRMAeBTA 
2 *CON(51)e(BTAeOMA*RMAe8) *OUM(S2eJ)eBTAeRMB*CON(52) 
3 e(BTAeOMB*RMBeB) • DUN|53eJ)eP*CON(53) eQ| 

THTAPmQeOCOS(PH|)-ReOSZN(PHI) 
PS[PmIReOCOS(PHZ)*QeOS;N(PHZ))/OCOS(THTA) 
THTAPAmQ2eDCOS(PH])-QeP|eDSZN(PHZ) 

1 °Q3tDS|N(PH[)-ReP|eDCOS(PH]) 
PS|PAmPS|PeDTAN(THTA)eP~*(Q3eDCOS(PHI)-RePIeOSIN(PHZ)* 

I Q2eOSZN(PH|)*QePIeDCOS(PHI))/DCOS(THTA) 
MYTP~DUM(b3~J)eTHTA*CON(b3)eP2 
MYTPmMYTPtOUM(b2tJ)eTHTAP*CON(b2)eTHTAPA 
MZTPmDUNtekeJ)ePSI*CON(b¢)eP3 
MZTPoMZTP*OUN(bltJ)ePSlP*CON(61)~PSlPA 
MYTmCON(b3)eTHTA 
MYTmMYT*CON(b2)eTHTAP 
MZTICON(64)ePSI 
MZTmMZT~CON(6I)ePSIP 
MYPAmMYTPeRXI/RYI 
HYPZmMYTPeRZ|/RY| 
MZPXmMZTPeRX|/RZI 
MZPYaMZTPeRYI/RZ| 
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MXsMYTeOSIN(PSI)eDCOS(THTA)eRX|/RYI-MZTeDSIN(THTA)eRX|/RZ| 
MYeNYTeOCOS(PS;) 
MYZmMYeRZI/RYI 
MZsMYTeOS|NIPS|)eOSIN(THTA)eRZ|/RYItMZTeUCOS(THTA) 
MZYmMYTeDSIN(PS|)eDS|N(THTA)*MZTeDCOS(THTA)eRYI/RZI 
MXPmMYPXeOS|N(PS|)eOCOS(THTAItMYTe(P3eOCOS(PS|)eOCOS(THTA)- 

I P2eOSIN(PSI)eDS|N(THTA))eRX|/RYI-MZPXeDSIN(THTA) 
2-MZTeP2eUCOS(THTAIeRX|/RZ| 

MYPIMYTPeOCOS(PS|)-MYTeP3eOS|N(PS;) 
MZPmMYPZeOS;N(PS|)eOSIN(TMTA)* 

i MYTe|P3eOCOS(PS|IeOS;N|THTA)*P2eOS|N(PS|)ebCOS(THTA)) 
2 e~ZI/RYItMZTPeOCOS(THTA)-MZTeP2eOS|N(THTA) 

MYHZuMYPLeOCOS(PS|)-MYTeP3eOS|N(PSZ)eRZ|/RYI 
NZHYmMYTPeOS|N(PS|)eOS|N(THTA)t 

| MYTe(P3eDCOS(PS|)eDS[N(THTA)tP2eDS|N(PS|)eOCOS(THTA)) 
2 *MZPYeOCOS(THTA)-MZTeP2eOS|N(THTA)eRYI/RZ| 

MlmMI*MXP 
M2uM2-P|eMYeDS|N(PH|)*MYPeDCOS(PH|) 

I *MZYePIeOCOS(PH|)*MZHY~DS|N(PHI) 
M3aM3-MYZePIeDCOS(PH|)-MYMZeOS;N(PH|) 

I -MZeP|eUS|N(PH|)~MZPeOCOS(PHI) 
M|mM|*Q|e(CON(S~)eRMA*CON(SS)eRMBtCON(Sb)eALPAee~CON(ST)eBTAee2) 

I "Pe(RMAeOUM|S~tJ)tDMAeCUN(S~)*RMBeOUM(SS~J)~OMBeCON(55) 
*OUM(Sb~JIeALPAee2*2eD,OeCON(S6)eALP~eA 

3 *DUM(STeJ)eBTAeeE~2~D*OeCON(ST)eBTAeB) 
RETURN 
END 

SUBROUTINE MBAR(MXO;oMYOItMZO|IPSItTHTAIPHItPtQtR) 

IMPLICIT REALeB(A-HoO-Z) 
REALt8 MAOItMYOItHZOItMA~tMYTIMZT 
COMMUN/TCOEF/AtBtMAGtALPAIBTAoOLTA21RMAoOMAIRMBtOMBeRMABoOM&B 
COMMON/COEF/CON(72)tCCON(72),NC,NCON(T2) 
COMMON/CONST2/RX|eRX2eRY|oRY2tRZ|tRZ2tAA 
MXO|:CON|47)*CON(48)eALPAtCON(69)eBTA 

1 *CON(SO)eALPAeBTA'CON(S|)eRMAeBTA 
2 ,CON(§2)eBTAeRMB~CON(S3)eP 
3 *Pe(CON(54)eRMA*CON(SS)eRMBtCON(Sb)eALPAeeZtCON(ST)eBTAOe2) 

TEMPYmCON(IT)* CON(|B)eALPAtCON(Iq)eRMAtCON(20)eALpAee2,CON(21]e 
1 &LPAeRM&*CON(22)eRMB,CON(23)eBTAee2*CON(24)Q&LP&eRMB*CON(25)e 
2RMAB 

MYOI • CON(|)*CON(2)eALPA*CON(3)eRMA,CON(4)eALP&ee2.CON(5)eALPA 
1 eRMAtCON(G)eALPAee3*CON(7)eRMAeALPAee2*CON(B)eRMBoCON(9) 
2 tBTAee2tCON(|O)eRMBeBTAee2 * CON(II)eALPAeRMB*CON(12)eRMAB • 
3 CON(13)eRMBeALPA~e2,CON(14),ALPAeRMAB*CON(15)eALPAeBTAee~t 

CON(|b)eRMAeBTAee2 * OeTENPY * CON(2b)eReBTA,CON(27)ePeaTA 
TEMPZICON(3b)*CON(3T)eALPAtCON(]8)eRMAeCON(39)eALPAee2,CON(;O)eRME 

1 ,CON(4|)eBTAee2tCON(42)eALPAeRNA*CON(43)eALPAeRMB,CON(44)eRMAB 
MZO|:CON(28)*CON(29)eBTA~CON(30)eALPAeBTA*CON(31)eBTAeRNA.CON(32)e 

|BTAee3*CON(33)eBTAeALPAee2tCON(3~)eBTAeRMB~CON(35)eBTAeRMAB 
2 *Re[EMPZtCON(45)eQeBTA,CON(46)ePeALPA 

THT&PmQeUCOS(PH|)-ReDS|N(PHI) 
PSIPa(ReOCOS(PN|)tQeDS|N(PH|))/OCOS(THTA) 
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C 
C 

C 
C 

C 

MYTmCON(b3IeTHTA 
MYTmMYT*CON(62)eTHTAP 
NZTmCON(b4)tPSI 
MZTsNZT*CON(61)ePSIP 
MXOIoMXOI,NYTeOSIN(PSIIeOCOS(THTA)eRXI/RYI-NZTeOSIN(THTA)eRX~/RZ1 
MYO|aNyOI,NYTeOCOS(PSI)eOCOS(PHI)*(MYTeOSIN(PSI)eOSIN|THTA)* 

I MZTeOCOS(THTA)eRYI/RZ|)eOSI N(PHI) 
MZO|=MZO|.MYTeOCOS(PSI)eOSIN|PHI)eRZ|/RY|t(MYTeOSIN(PSI) e 

I OSIN(THTA)eRZ|/RYI*HZT eOCOS|THTA))eOCOS(PH;) 
RETURN 
ENO 

10 

SUBROUTINE TEMPIPSI+THTAtPHI,PItP2tP3.K) 

IMPLICIT REALeBIA-H,O-Z) 
REALe8 NAB 
COMMON/TCOEF/AwBtMAGtALPAtBTAtDLTA2oRMAtDMAtRHBtOMBtRMABtOMAB 
GAMAmOCOS(PSZ)eOCOS(THTA) 
BTAm-OSIN(PSI)eOCOS(PHI)*OCOS(PSZ)eOSIN(THTA)eOSIN(PHI) 
ALPAsOSIN(PS[)eOSIN(PHI)*OCOS(PSI)eOSIN(THTA)eOCOS(PH[) 
OLTA2m(DSIN(PSI))ee2, IDCOS(PS[)eOSIN(THTA))ee2 
Am(P3-PItOSIN(THTA))eOCOS(PSIIeOSIN|PHI)*(PI-P3eDSIN(THTA)) 

I *DSIN(PS|IeDCOS(PHI)*P2~DCOS(PSI)eDCOS(THTAIeOCOS(PHX) 
Bm(PIeOS[NITHTA)-P3leOCOS(PSI)eDCOS(PHX)*(PI-P3eOSIN(THTA)) 

I eOSIN(PSI)eOSIN(PHI)*P2eOCOS(PSI)eOCOS(THT&IeOSIN(PHI) 
MAGm2eO*UeCP2eOCOS(PSI)eDSIN(THTA)*P3eOCOS(THTA)eOSIN(PSI)) e 

1 OCOS(PS|)eOCOS(THTA) 
Gm-P3eOS|N(PSI)eOCOS(THTA)-P2eOCOS|PSI)eUSIN(THTA) 
IF(K.EQ.O) GO TO 10 
AImALPA 
BInBTA 
ALPAmOATAN(AI/GAMA) 
BTAmOATAN(BI/GAMA) 
AI((OCOSCALPA))ee2)e(A-A|eG/GAMA)/GAHA 
Bm((DCOS(BTA))ee2)e(B-BIeG/GAMA)/GAMA 
DLTA2mALPAee2 * BTAee2 
MAGO2oOtOe(ALPAeAtBTAeB) 
CONTINUE 
RMAmOABS|ALPA) 
RHBmDABStBTA) 
RMABmOABS(ALPAeBTA) 
OMAmO,O*0 
DHBmO,D*O 
DMABmO,D*O 
IFIALPAeNE.O.O*O)DNAsALPAeA/RMA 
IF(ALPA*NE.0,O*O*AND*BTA*NE*O.O*O)DMAB = ALPAeBTAe(BTAeA*AL PAeA) 

I/RMAB 
]F(BTA,NE,OeO*0)OMBmBTAeB/RMB 
RETURN 
ENO 

SUBROUTINE FCT(TPX.OERX) 
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IMPLICIT REALe8(A-HtO-Z) 
REALe8 NXOItMYOl~NZOltNltN2oM3oJXtJYtJZtlXPtlYPtlZPtMPMolPM 

l t l X o l Y t l Z  
DIMENSION X(I)oOERX(I)  
CONNON/COEF/CON(72) oCCON(72)oNC,NCON(72) 
COMNON/CONST/JXtJYtJZolXPtIYP, IZP.Ko lXt iYo lZ  
PMlmX(l) 
THTAsX(2) 
PSImX(3) 
PaX(~) 
QmX(5) 
Raxl6) 
CALL TEMP(PS|ITHTAoPHIoOtO*OoOoD~OpOeO.OIK) 
CALL NBAR(MXOItHYOItMZOItPSItTHTA~PHItPtQoR) 
~Ja|tO*O-~XeJZ 
DERA(I)mP~OTAN(THTA)e(QeOSIN(PHI)*ReOCOS(PHI)) 
DERX(2)aQeDCOS(PHI)-ReDSIN(PHI) 
OERX(3)m(ReDCOS¢PHI)*QeDSIN(PHI))/OCOS(TMTA) 
DERX(4)a(MXOIoNZOI-JX-QeRe(JZeJX~IXP)* 

1 PeQe(IeO*O-|ZP)eJX)/RJ 
OERX(S)mNYOI-(Pee2-ROe2)eJY-RePeIYP 
UERX(6)m(MZOI*NXOIeJZ-PeQe(IZP-JXeJZ)- 

1 OeRe(leO*O*IXP)eJZ)/RJ 
NEGa(NC*I)e6 
UO 5 Im7tNEQ 

S DERXII)mU.D~O 
UO 10 ImltNC 
IF(NCON(I)eEQeO)GO TO |0 
P lmX|6* l )  
P2mX~(NC*b~I) 
P3mX(2eNC*6~I) 
UImXI3oNC*6*I) 
~2mXI4ONC~6~I) 
Q3mX(SoNC*6~I) 
CALL TEHP(PSItTHTAoPHItPltP2tP31K) 
CALL MB4~A(MIeMZPN3tPSItTHTAoPHItPeQoReP|IP2tP3t 

I Ol tO2oQ3t l )  
DERX(6~I)aQI~P2eIQeOSIN(PHI)4ReOCOS(PHI)I/|OCOS(THTA))ee2 

| *OTAN(THTA)e(Q2eDSIN(PHI)~PItQeOCOS(PH|) 
2 *Q3eDCOS(PHI)-PleReOSIN(PHI)) 

OERX(6*NC~I)mQZeUCOS(PHI)-PIeQeDSIN(PHI)-Q3eOSIN(PHI) 
-PIeReOCOS(PH;) 

OERX(6*2*NC*I)~(Q3eOCOS(PHI)-PIeReOSZN(PH|)*Q2eDSIN(PHI) 
I *PIeQeOCOS(PHI))/OCOS(THTA)~(ReDCOS(PHI) 
2 *QeUSIN(PHI))eP2eOTAN(THTA)/DCOS(THTA) 

OERX(6~3eNC*I)a(MI~M3eJX-(JZeJX~|XP)e(QeQ3~ReQ2) 
I *(;eO~O-lZP)edXe(PeQ2*QeQ|))/RJ 
OERX(b~qeNC~l)aM2-2eO.OeJye(PeQl-ReQ3)- 

| IYPe(ReQI~PeQ3) 
UERX(b$SeNC$1)m(M3~MleJZ-(|ZP-JXeJZ)-(PeQ2~QeQ|) 

| -(IeO~O*IXP)eJZe(QeQ3*ReQ2))/RJ 
UERX(b*3eNC~I)aDERX(b*3eNC*I)e((OERX(4)-QeR)e 

; 2eO~OeCONI60)/(|XelZ)*MZOI/IX*PeQe(|.D*O-IZP)/IX) 

OERX(6~4eNC~I)mDERX(6~eNC~I)-(Pee2-Ree~)eOUM(bOeI)/Iy 
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UERA(6,SeNC*I)mOERXC6*SeNC*I)*((DERX(6)*PeO) e 
I 2.0*OtCON(60)/(IXeIZ)*MXOI/IZ'QtRe(|.D*O*|XP)/|Z) 
2 eOUM(bOt l ) /RJ 

10 CONTINUE 
RETURN 
ENO 

10 

12 

14 

15 

16 

17 

18 

SUBROUTINE REGOUTIACONoWXX) 

IMPLICIT REAL°BIA-HtO-Z) 
REAL~8 MAItMX21MYItMY21MZItMZ2 
DIMENSION ACON{7Z)tWXX{72) 
COMMON/COEF/CON(T2)wCCON(72)~NCtNCON(T21 
COMMON/CONST2/MXItMX2oMYItMY2tMZItMZ2tA 
DO 10 I m l t l b  
ACON(I)mGON(I)/MYI 
WXX(|)uWAX(I) /NY| 
DO ;2 Im28t35 
A¢ON(I)mCON(I)/MZI 
WXXII) IWXXClI /MZI 
DO 14 Iu47 t§2  
ACON(I)mCON(I)/MXI 
WXX(I)sWXXlI) /MXI 
DO 15 ImATt27 
ACON(I)uCONil) /MY2 
WXX(I)mWXX(I)/MY2 
DO 16 Im36t46 
ACON(I)sCON(I)/MZ2 
WXX(I)mWXXiI)/MZ2 
DO 17 ImbSo72 
wXX(I)mWXX(I)/A 
ACON(I ) tCON(I ) /A  
O0 18 luS3tS7 
WXX(IIuWXX(1)/MX2 
ACONII)mCON(II/MX2 
ACONISS)mCON(58) 
WXX(SSI=WXX(SS) 
ACON(Sg)mCON(59) 
WXX(59)mWXX(S9) 
,~CON(60)uCON(60| 
WXXi60)mWXX|60) 
ACON(61)mCON(61)/MZ2 
WXX(61)mWXXi6|)/MZ2 
ACON(b3)mCON(63)/MY| 
ACON(64)uCON(b4)/MZ| 
WAX(b3)sWXX(63)/MY| 
WXX(64)uWXXt64)/MZI 
ACON(62)mCON(62)/MY2 
WXX(b2)mWXX(62)/MY2 
RETURN 
END 

SUBROUTINE REG(ACON) 
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10 

12 

14 

15 

16 

17 

18 

IMPLICIT REALO8(A-HoO-Z) 
DIMENSION ACON(72) 
REALe8 MAIoMX2tMYIoMY2oNZItMZ2 
COMMON/COEF/CON(72) oCCON(72)gNCtNCON(72) 
COMMON/CONST2/MXIoMX2,MYItMY2oMZI,MZ2oA 
O0 10 I u l t 1 6  
CON(I)uACON(I)eMYI 
DO 12 Xu28t35 
CON(I)sACON(I)eMZI 
DO 14 I s~T t52  
CONCl)sACON(I)eMXI 
DO 15 I=17 t27  
CONII)mACONIIIeMY2 
DO 16 I x 3 6 t 4 6  
CONil)sACONII)eMZ2 
DO 17 Iu65o72 
CON(I tsA¢ON(I)eA 
DO 18 Im53157 
CON(I)uACON(I)eMX2 
CON(SB)aACON(S8) 
CON(59)uACON(Sg) 
CON(bO)uA¢ON(60) 
CON(b|)uACON(bI)eMZ2 
CON(b2)-ACON(b2)eMY2 
CON(b3)sACON(63)eMYI 
CONIb4)sACON(b4)eMZI 
RETURN 
END 
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Table 3. Subroutine Descriptions for Both Asymmetric and 
Symmetric Programs 

Name D e s c r i p t i o n  

NOISE 

RANDU 

GAUSS 

ICS 

PART 

DRKGS 

DUM 

INV 

INTGRL 

MBARA 

MBAR 

TEMP 

FCT 

REGOUT 

REG 

Adds  n o i s e  to  g e n e r a t e d  3DO¥ m o t i o n  o r  t o  e x p e r i -  
m e n t a l  3DOF m o t i o n  d a t a .  I n p u t  v a l u e s  t o  t h e  s u b -  
r o u t i n e  s p e c i f y  t h e  s t a n d a r d  d e v i a t i o n  and  b i a s  t o  
be a d d e d  t o  ~m' ~m' ~m" 

Random number generator. 

G a u s s i a n  noise e v a l u a t e d .  

Computes approximate boundary conditions from the 
input 3DOF data to be used in place of initial 
guesses. 

A l t e r s  d a t a  s e t  t o  be u s e d  i n  e x t r a c t i o n  t e c h n i q u e .  

R u n g e - - K u t t a  f o u r t h - o r d e r  i n t e g r a t i o n  scheme f o r  NDIM 
s i m u l t a n e o u s  d i f f e r e n t i a l  e q u a t i o n s .  

E q u i v a l e n t  t o  t h e  K r o n e k e r - D e l t a  f u n c t i o n .  

Provides solution to a set o f  simultaneous linear 
equations. Also used to define inverse of a matrix. 

Calling subprogram for integration of parametric, 
kinematic, and dynamic equations. Evaluates influ- 
ence coefficient matrix, residual influence matrix, 
and total residual. 

D e f i n e s  t h e  v a l u e s  o f  t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  
moment c o e f f i c i e n t s  w i t h  r e s p e c t  t o  t h e  p a r a m e t e r s .  

D e f i n e s  t h e  moment c o e f f i c i e n t s .  

D e f i n e s  v a r i a b l e s  r e q u i r e d  i n  moment c o e f f i c i e n t s  
and  d e r i v a t i v e s  o f  moments  w i t h  r e s p e c t  t o  t h e  
p a r a m e t e r s .  

V a l u e s  o f  d e r i v a t i v e s  a s  u s e d  i n  DRKGS. 

C o n v e r s i o n  o f  p a r a m e t e r s  t o  o u t p u t  f o r m .  

C o n v e r s i o n  o f  i n p u t  p a r a m e t e r s  t o  i n t e r n a l  c o d e  
d i m e n s i o n s .  
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Table 4. Input Variable Definitions for Symmetric and 
Asymmetric Programs 

Namelist Input Common to Both Symmetric and Asymmetric 
Programs for Namelist/NAM/ 

N a m e l i s t  I n p u t  
V a r i a b l e  Type V a l u e s  Meaning  U n i t s  

NSWTCH I n t e g e r  O, 1, 2 

NTOT 

NC 

NITER 

DTMIN 

BOUND 

AREA 

DIA 

IX 

IY 

Be 

U 

I n t e g e r  

I n t e g e r  

I n t e g e r  

R e a l  

R e a l  

Real 

goal 

Real 

Real 

R e a l  

R e a l  

1 , 0 0 0  

30 s y m m e t r i c  
72 a s y m m e t r i c  

>0  

9 0  

>0  

>0  

>0  

>0  

>0 

>0 

S w i t c h  i n d i c a t i n g  t y p e  o f  a n a l y s i s :  = 
O, normal  d a t a  r e d u c t i o n  by Chapman- 
K i r k  method as  o u t l i n e d  i n  S e c t i o n  3 . 2 ;  
- 1, 3DOF d a t a  g e n e r a t e d  from i n i t i a l  
v a l u e s  of  c o e f f i c i e n t s |  - 2, 3DOF d a t a  
g e n e r a t e d  and s t o r e d  on d i s k  f o r  l a t e r  
a n a l y s i s .  

Maximum a r r a y  s i z e  o f  i n p u t  and o u t p u t  
v a r i a b l e s :  time, ~, O, ~.  

Maximum number of  c o e f f i c i e n t s  a l l o w e d  
to vary. 

Maximum number of  i t e r a t i o n s  a l l o w e d  to  
r e a c h  a c o n v e r g e d  s o l u t i o n .  

I n t e g r a t i o n  t i m e  s t e p  (DTMIN mus t  a l s o  
be l e s s  t h a n  o r  e q u a l  t o  t h e  minimum 
t i m e  s t e p  o f  t h e  i n p u t  d a t a  t o  be 
a n a l y z e d ) .  

C o n v e r g e n c e  bound on i t e r a t i o n ;  c o n v e r -  
g e n c e  i s  a s sumed  when d i f f e r e n c e  i n  RMS 
d e v i a t i o n  [Eq.  ( 2 8 ) ]  f o r  two c o n s e c u -  
t i v e  i t e r a t i o n s  i s  l e s s  t h a n  o r  e q u a l  
t o  v a l u e  of  BOUND. 

R e f e r e n c e  a e r o d y n a m i c  a r e a .  

R e f e r e n c e  a e r o d y n a m i c  l e n g t h .  

A x i a l  moment o f  i n e r t i a .  

T r a n s v e r s e  moment o f  i n e r t i a  t s  body-  
f i x e d  y d i r e c t i o n .  

F r e e - - s t r e a m  d e n s i t y .  

F r e e - s t r e a m  v e l o c i t y .  

ft 2 

ft 

slugs-ft 2 

slugs--ft 2 

sluge/ft 3 

ft/sec 
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N a m e l i s t  I n p u t  M e a n i n g  U n i t s  
V a r i a b l e  T y p e  V a l u e s  

AACON R e a l  

NCOR 

NSESWH 

SPRI 

STHA 

SPSI  

AMPHr 

AMTHA 

A.~PSI 

SAMPLE 

NDELTA 

I n t e g e r  

Z n t e g e r  

R e a l  

Real  

R e a l  

R e a l  

R e a l  

R e e l  

R e a l  

I n t e g e r  

( e l ,  e 2 , . . . ,  
a R c - - l ,  a n t )  

( 0  o r  1 f o r  
e a c h  a t ) 

O o r l  

;DO 

;)0 

;~0 

:>0 

;)i 

I n i t i a l  v a l u e s  o f  p a r a m e t e r s  w h i c h  I n -  
c l u d e  b o t h  a e r o d y n a m i c  c o e f f i c i e n t s  
a n d  b o u n d a r y  c o n d i t i o n s  o n  k i n e m a t i c  
a n d  d y n a m i c  e q u a t i o n s ,  a 

A r r a y  o f  i n t e g e r s  c o r r e s p o n d i n g  t o  
AACO~, i n d i c a t i n g  w h i c h  p a r a m e t e r s  a r e  
a l l o w e d  t o  c h a n g e :  - O, p a r a m e t e r  i s  
c o n s t a n t ;  - 1 ,  p a r a m e t e r  t s  v a r i e d .  

S w i t c h  a l l o w i n g  Gaues ian  n o i s e  t o  be 
added t o  i n p u t  d a t a :  - l j  n o i s e  added;  
- 0,  no n o i s e  added .  

One s t a n d a r d  d e v i a t i o n  o f  Gauee lan  
n o i s e  a d d e d  t o  t h e  R u l e r  a n g l e  # f o r  
NSESWH - 1 .  

One  s t a n d a r d  d e v i a t i o n  o f  G a u s s i a n  
n o i s e  a d d e d  t o  t h e  g u l e r  a n k l e  0 f o r  
NSRSWH - 1 .  

One s t a n d a r d  d e v i a t i o n  o f  G a u s s i a n  
n o i s e  a d d e d  t o  t h e  E u l e r  a n g l e  ~ f o r  
NSESWH - 1 .  

C o n s t a n t  b i a s  i n  n o i s e  a d d e d  t o  E u l e r  
a n g l e  6 f o r  NSRSWH - 1 .  

C o n s t a n t  b i a s  I n  n o i s e  a d d e d  t o  E u l e r  
a n g l e  9 f o r  NSESWH - 1 .  

C o n s t a n t  b i a s  i n  n o i s e  a d d e d  t o  R u l e r  
a n g l e  ~ f o r  NSF.SWH - 1 .  

F r a c t i o n  o f  d a t a  s a m p l e  t o  b e  f i t t e d .  

O n l y  e v e r y  NDELTA p o i n t s  o f  SAMPLE 
d a t a  a r e  u s e d  I n  f i t .  

deg 

deg 

I 

' d e g  

deg 

deg 

deg 

a s e e  T a b l e s  4 b  a n d  c f o r  d e f i n i t i o n s  o f  AACON f o r  s y m m e t r i c  a n d  a s y m m e t r i c  v e r s i o n s ,  
r e s p e c t i v e l y .  
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Table 4. Continued 
a. Concluded 

N a m e l i s t  I n p u t  
V a r i a b l e  T y p e  V a l u e s  M e a n i n g  U n i t s  

IL~DAT I n t e g e r  0 o r  1 

INLCOI~ 

IANGLE 

D I ~  

IGPNO 

IBLKNO 

IRCGEN 

IRCSTR 

SIGPHI  

SIGTHA 

S I G P S I  

NSTART 

IZ 

12=( 

I n t e g e r  

Integer 

O o r  # 0  

O o r # O  

R e a l  >0 

I n t e g e r  

I n t e g e r  

I n t e g e r  

I n t e g e r  

R e a l  >0 

Real >0 

Real >0 

I n t e g e r  ~ l  

Real >0 

Real  ~0 

S w i t c h  f o r  u p d a t e  o f  i n i t i a l  v a l u e s  o f  
p a r a m e t e r s :  ffi O, i n i t i a l  v a l u e s  not 
u p d a t e d  f o r  f o l l o w i n g  s h o t ;  = I ,  
I n i t i a l  v a l u e s  u p d a t e d .  

S w i t c h  d e f i n i n g  c o n d i t i o n s  o f  i n p u t  
d a t a :  - 0 ,  i n i t i a l  c o n d i t i o n s  
e v a l u a t e d  f r o m  d a t a ;  ~ O, i n p u t  v a l u e s  
o f  i n i t i a l  c o n d i t i o n s  u s e d  a s  g i v e n  i n  
AACON. 

S w i t c h  g i v i n g  m e a n i n g  o f  a a n d  ~: ffi 
O, ~ a n d  ~ i n  t e r m s  of v e l o c i t y  r a t i o s ;  
# O, ~ a n d  ~ a s s u m e d  I n  t e r m s  o f  a n g l e  
o f  a t t a c k  a n d  s i d e s l i p .  

Time s t e p  o f  g e n e r a t e d  3DO¥ d a t a .  

G r o u p  number o f  g e n e r a t e d  o r  i n p u t  
d a t a .  

B l o c k  n u m b e r  o f  g e n e r a t e d  o r  i n p u t  
d a t a .  

B e g i n n i n g  r e c o r d  n u m b e r  o f  s t o r e d ,  
g e n e r a t e d  3DOF d a t a  f o r  NSWT(~t - 2 .  

B e g i n n i n g  r e c o r d  D u m b e r  o f  s t o r e d  d a t a  
f o r  NSWTCH - 0 w h e r e  I R C S T R <  IRCGE~ - 
3 or IRCSTR > IRCGEN - 3. 

R e l a t i v e  u n c e r t a i n t y  I n  %. 

R e l a t i v e  u n c e r t a i n t y  i n  9. 

R e l a t i v e  u n c e r t a i n t y  i n  ~ .  

S t a r t i n g  p o i n t  o f  i n p u t  t o  b e  f i t t e d .  

T r a n s v e r s e  moment  o f  i n e r t i a  i n  b o d y -  
f i x e d  z d i r e c t i o n  ( a s y m m e t r i c  p r o g r a m  
o n l y ) .  

P r o d u c t  o f  i n e r t i a  f o r  a s y m m e t r i c  
b o d y  w i t h  m i r r o r  s y m m e t r y  a b o u t  t h e  
b o d y - f i x e d  x z  p l a n e  ( a s l r m o e t r i c  
program only). 

sec 

deg 

dee 

dee 

slugs-ft 2 

slugs-ft 2 
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Table 4. Continued 

b. Namelist Input for AACON in Symmetric Program 

Parameter 
Number 

1 

2 

3 b 

4 

5 

6 

7 

8 

g 

10 d 

11 

12 

13 

14 

15 

Meaning 

BCM/a~ 

~Cn/~I2UL~ ~ 

aCm/~(~) 

aCml~(~s2) 

~Cml~ ~ )  , {~= !  
/ _\ 

Cml ~ ~r-~ud) 

CE o 

BC g/@ (2P--~d=) 

aCm/~ ( ~ )  

3C g/B (2~uud - ) 

Extra 

Units 

i/rad 

i/rad 

1/rad 2 

I/rad 2 

I/rad 3 

I/rad 3 

I/rad 3 

i/rad 3 

1/rad 2 

I/rad 2 

1/rad 4 

1/rad 

1/rad 3 

Namelist 
Variable 

16 

17 

18  

19 c 

20 c 

21 c 

22 c 

23 c 

24 c 

25 

26 

27 

28 

29 

30 

Meaning 

Extra 

Extra 

Extra 

~C_/~ (~ d 

~Cml~(~-~l 
\ =IT 

 cJ olT 
?Cn/BVlT 

B T 

CT 

~CO) 

e(o) 

~(o) 

~(o) 

~(o) 

Units 

l/rad 

1/rad 

l/rad 

1/rad 

deg 

deg 

deg 

deg/sec 

deg 

deg/sec 

deg 

deg/sec 

bAs used here, 6 is defined as 6 = ~ 2  + ~2 

CThese coefficients define the effects of tunne] flow nonuniformities 
on the body ¢otion and are discussed in Section 5.3. 

dThis coefficient is a roll torque produced by the gas bearing and 
is discussed in Section 5.2. 
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Table 4. Continued 

c. Namelist Input for AACON in Asymmetric Program 

Parameter 
Number 

I 

2 

4 

5 

6 

7 

8 

9 

i0 

11 

13 

14 

15 

i6 

17 

18 

Meaning 

C mo 

@Cm/Be 

~Cm/~ 2 

DCm/:  H 

aCm/a~ 3 

aCmlaB 2 

 Cm/ :IBI 

a'tm/a c~(3 2 

aCm/aB21 ~'1 
~Cm/a(2udL~ 
BCm/B(2~) 

Units 

1/rad 

1/rad 

l/tad 2 

I/rad 2 

I/rad 3 

]/rad 3 

I/rad 

1/rad 2 

I/rad 3 

I/rad 2 

1/rad 2 

I/rad 3 

1/rad 3 

1/rad 3 

I/rad 3 

I/rad 2 

I/rad 2 

Nanelist 
Variable 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Meaning 

BCmlB ( ~ U  2d 

aCmla (!1-~ U-~ 

m VU(o) 

aCm/~ (2P-~- d) 

Cno 

~Cn/aB 
~Cn/~B 

~Cn/~BJ~ j 

BCn/).~3 

@Cn/D~2B 

 Cn/aBl l 

~Cn/~alc,~ I 

~Cn/~ rI2T) 

Units 

1/rad 2 

I/rad 3 

11rad 3 

1/rad 2 

1/rad 3 

1/rad 3 

I/rad 3 

I/rad 2 

I/rad 2 

1/rad 

1/rad 2 

1/rad 2 

1/rad 3 

I/rad 3 

1/rad 2 

1/rad 3 

I/rad 
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Table 4. Concluded 

c. Concluded 

Parameter 
Number 

37 

38 

3g 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

Meaning 

~Cn/) (~2~-~. d) 

aCn/a ~-~U2 d) 
~)Cnl~ (r 2"~=d ) 

aCn/a 'rB2d 

~Cnl~ ~ )  

aCn/3 ( r~d> 

~ Cnl a (2P-~) 

Ct o 

BC~IBa 

aCt/BB 

%/ BIBI 
~Ctla(2udL) 

Units 

1/rad 2 

I/rad 2 

llrad 3 

l/rad 2 

1/rad 3 

1/rad 3 

llrad 3 

l/tad 3 

1/rad 2 

1/rad 2 

I/rad 

1/rad 

I/rad 2 

1/rad 2 

1/rad 2 

I/rad 

i/rad z 

Parameter 
Number 

55 

56 

57 

58 

59 

60 

61 c 

62 c 

63 c 

64 c 

65 

66 

67 

68 

69 

70 

71 

72 

Meaning 

BC~/B~u2d~ 

Extra 

Extra 

Izx 

~Cn/~(2U'~=)T 

~Cml~Q~d)T 

BCm/@BJT 

@Cn/B~ T 

a T 

$T 
¢(0) 

9(0) 

~(o) 

p(o) 

q(O) 

r(O) 

Units 

I/rad 2 

I/rad 3 

t/rad 3 

slugs-ft 2 

I/rad 

I/rad 

I/rad 

I/rad 

deg 

deg 

deg 

deg 

deg 

deg/sec 

deg/sec 

deg/sec 
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Table 5. 

Number 
o f  P o i n t s  
p e r  C y c l e  

Effect of Number of Cycles and Number of Points per 
Cycle o n  C mq RMS Deviation in Percent of C m q 

Number o f  C y c l e s  

3x/2 7 10 15 

7 

15 

30 

60 

6 7 . 0  

4 6 . 0  

3 1 . 3  

2 2 . 0  

2 1 . 2  

1 4 . 6  

1 0 . 9  

7 . 8  

i 0 . 9  

8 . 2  

5 . 9  

4 . 9  

1 . 0  

5.4. 

3 . 8  

0 . 5  
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0 

o. 
deg  

(}. 01 

0 . 0 2  

0 .03  

0 . 0 4  

0 . 0 5  

N o t e :  

Table 6. Effect of Measurement Noise on Linear and Nonlinear 
Coefficients and Their RMS Deviations 

Cma, E ( Cmn ) , Cmq, 
1 / r a d  l / t a d  L / t a d  

- 0 . 2 3 6 0  0 . 4 7  (10  - 5  ) - 4 . 0 0 1  

- 0 . 2 3 6 0  0 ,95  (10  - 5 )  - 3 . 9 9 8  

- 0 . 2 3 6 0  0 . 1 4  (10  - 4 )  - 4 . 0 0 4  

- 0 . 2 3 6 0  0 .18  ( 1 0  - 4 )  - ' ! . 9 9 4  

- 0 . 2 3 6 0  0 .24  ( lO  - 4  ) - 4 . 0 0 7  

E( ) d e n o t e s  RMS d e v J a t i c m .  

E (Cmq),  
l / t a d  

0 .0017  

0.  0033 

O. 0050 

0.  0063 

0.  0083 

CN,;62 • 

l / t a d  3 

5 . 8 1 0 6  

5 . 8 1 0 8  

5 . 8 0 9  

5 . 8 1 4  

5 . 8 0 9  

E(Cmo6~) ,  
1 / r a d  ~ 

0 , 0 0 0 8  

0. 001 6 

0.  0024 

O. 0031 

O. 0041 

C 2 
mqb ,~ 

I / t a d  ° 

9 8 . 6 7  

9 7 . 4 4  

9 9 . 5 9  

9 7 , 3 2  

9 9 . 5 3  

I / t a d  ° 

0 . 4 3  

0 ,H6 

1 . 2 9  

1 .63  

2 . 1 5  

Table 7. Tabular Results of Sharp Cone Analysis Using the Asymmetric 
Program for Fixed Model Aerodynamics 

)) 
m 
[J 
¢) 

-n 

0o 

O 

Valuo  
D o v i a t i o n  

Va luo  
D ( , v i a t i o .  

C2o 

- 0 . 5 7  (10-_ ° )  
0.4 (I0-0) 

IZX P 
s Ittg~;-- f t" 

0 .0016  
0.  0003 

- 0 . 1 0  ( t O  - 4 )  0 .0018  
0 . 1  (10  - 6  ) 0 .0003  

T u n n e l - F i x ( ~ d  Proco. , , s  Noi.~e rEq .  (3s)J 
I 

Damping S t if f n('.~s 
! ! 

t 4 ,  
I / t a d  

2 . 2 4  
0 . 1 1  

| .35  
0 . 1 0  

t 2 ,  
1/rad 

- 1 . 6 5  
0 .12  

- 0 . 4 5  
0 .08  

t 1 , t 3 , 
1 / r a d  1 / r a d  

0 .0163  - 0 . 0 0 5 6  
0 .00016  0 .00015  

O. 0154 -0. 0054 
o. O0Ol 1 0.  00014 

'~T, 
tJeg 

- 0 . 1 3 4  
0 . 0 1 1  

- 0 . 1 1 8  
0 .013  

O. 159 
0 .014  

Sum o f  
~'T, aesiduals 
d eg  UV, q .  ( : ~2 ) ] ,  

deg 

0.  152 0 .0557  
0. 013 

0.115H 

D a t a  
Sampl ed  

(~00  
F I g .  1 7 ) ,  

s e e  

4 . 4 0  

8 . 4 4  



Table 8. Tabular Results of Sphere Cone Analysis Using the Asymmetric 
Program for Fixed Values of C~p = -0.0027 1/rad, t l  = 0.017 
1/rad, t4 = 0, 0T = 0, ~T = 0 

k.d 

Cma, 

i/rad 

C 
m~la  I' 

1 / r a d  2 

C 
m a l ~ l '  

1 / r a d  2 

CnB, 

I / t a d  

C 
n ~ l a  I' 

i/rad 2 

Cn~l~l' 
1 / r a d  2 

Cmq, 

I/rad 

Value -0.240 -1.87 -1.22 0.265 0.927 1.57 -1.55 
Deviation 0.005 0.11 0.16 0.005 0.17 0.09 0.64 

Value -0.189 -2.70 -2.02 0.269 0.801 1.53 1.25 
Deviation 0.005 0.13 0.18 0.004 0.18 0.10 0.58 

Value -0.172 -3.06 -2.20 0.264 0.728 1.62 1.25 
Deviation 0.004 0.12 0.19 0.002 0.19 0.i0 0.50 

C n r '  

I / r a d  

C~, o 

x 106 

I 
ZX ~ 

slugs-ft 2 

t 4 , 

1 / r a d  

t 3 , 

i / r a d  

-0.0016 
0.0004 

Sum of 
Residuals 

[Eq .  ( 3 2 ) ] ,  
dee 

D a t a  
S a mple d  

(see 
F i g .  1 8 ) ,  

s e e  

Value -4.54 3.5 0.0027 -3.65 0.0775 5.16 
Deviation 0.63 0.39 0.0006 0.20 

Value -12.3 -1.2 0.0032 0.62 0.0026 0.130 8.32 
Deviation 0.60 0.2 0.0006 0.20 0.0005 

Value -14.47 -3.5 0.0028 2.72 0.0032 0.174 11.98 
Deviation 0.57 0.09 0.0005 0.17 0.0005 

m 

o 

-n 

Go 

o 
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APPENDIX A 
MATHEMATICAL DEVELOPMENT: ASYMMETRIC VERSION 

The parameter identification technique as developed in Section 3.0 considered the 

3DOF motion of  axially symmetric bodies. In order to provide the greatest versatility 

in the improved analysis technique as developed in this report, an analogous version 

considering asymmetric bodies has been formulated. The asymmetric analysis considers 

the 3DOF motion o f  bodies with mirror plane symmetry  about the x, z plane (see Fig. 

1). The governing equations us derived from Eqs. (1) and (2) in the body-fixed coordinate 

system are 

Jl: = ~I Z + f i ~ . l ~  - i , q ( l ~  - .l.~.l z )  - qr(1  + I~, )  J~  

~I = My. - ( I )2 - r2~Jv. - , 'p ly  

'[P = ~ x - I  f i z J x  - q r ( Jx , ]  z + I x )  ,- p q ( l  - I ~ . ) ' J x  

(A-l)  

where the following definitions have been used 

,I x - I~.x/I.x i~ (I 7 - Iy ) / l  x 

J,.- l,~:i I~, - (I - l,.)/I. 
• . • • 

,I, - l,.x./l z ]z - (1,.- I )./I L 
a 

(A-2) 

.1 - I - .1~.1.. 

with Mx = Mx/Ix, My = My]ly, and Mz = Mz/Iz. 

The kinematic relations relating the Euler angles to the body-fixed angular rates are given 
in Eq. (A-3). 

.~ = t ) - t an0(q  sin~b -- 

= q cos~b - r singb (A-a) 

d = (r cosg~ ~ q sin 6) : ' cos0  

Integration of  Eqs. (A-l)  and (A-3) yields the 3DOF angular motion solution for an 

asymmetric body assuming that the moment  expansions as functions of the Euler angles 

and angular rates are given. For mirror symmetry about the x, z plane in the body-fixed 

axis system, the moment  coefficient expansions in terms of  a and /3 as given in Eqs. 

(I I) and (14) are utilized. The variables a and/3 are, however, re-evaluated in the body-fixed 

axis system leading to Eq. (A-4). 
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/~ - '.._2_' = -sin~.,5 cos~b + cos 6 s in0  s i n d  
t 

a = w - s i n  '6 s i n 6  ~- c o s ~  s in0  cos .d 

l . ' oo  

(A-4) 

The parameter  extract ion me thod  as discussed in Section 3.2 is applied in an analogous 

manner  to the asymmetr ic  analysis. The parametr ic  differential  equat ions required to 

evaluate the influence coefficients  as used in Eq. (21) are derived from Eqs. (A- l )  and 

(A-3) and are shown in Eq. (A-5). 

Pli = Qli + P2i  see2 0 (q sin .6 + r cos 4) 

tan 0 (02i sin 6 + Pli  q cos cj5 + Q3i cos  ~b 

- P l i  r s i n d )  

152i = Q2i to.q6 - Pl i  q s inf f  - Q3i s i n 6  - Pl ,  r c o s d  

I53i = (Q3i c o s ~  - P I I  r s i n .~  -t Q2i s ingb 4- P l i  q c ° s 6 )  s e c 0  

+ (r cos .d + q sin 6) P2i t an0  s e c 0  

J01i = M l i -  M3i.lx - (JzJx + Ix)  (qQ3i - rQ2il (A-5) 

t- (1 - l~ , ) . ]x(PQ2i  + qQl i  ) 

(~2i = M 2 i -  J y ( 2 p Q l i  - 2 rQ3i )  - I y ( r Q l i  ~ PQ3,)  

.]1~)3i = M3i + Mli,lz - (Iz - JxJz  ) (PQ2i r q Q l i  ) 

- (1 + I x ) , J z ( q Q 3 t  - rQ2i)  

where  Pl i ,  P2i, P3i, Mli ,  and M2i, and M3i are def ined as before and Ql i  = ap/aa , ,  

Q2i = aq/aai ,  Q3i = ar/aai.  The initial condi t ions for the parametric,  k inematic ,  and 

dynamic  equat ions as given in Eqs. (A-I) ,  (A-3), and (A-5) are listed below. 

d ( 0 )  = a N _ 5  p ( 0 )  = a N _ 2  
C C 

0 ( 0 )  = a N - 4  q ( 0 )  = a N - I  ( A - 6 )  
C C 

~b(0) = a N - 3  r(0) = a N 
c " C 
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Pii (0) = ant-5.- QI, (0) = aN,.-2, 

P2i (0) = aN - 4 , i  Q2i (0) = aN - 1  
C C 

P3i(0) = 8 N c - 3 "  Q3i (0) = aNc,i 

(A-7) 

Integration of  the parametric and angular motion equations and evaluation of  the 

~:orrections to the parameters, ai, are determined in a manner similar to that discussed 
in Section 3.2 for the axially symmetric analysis. 

l,a addition to the moment  coefficients as given in Eq. (14) and the boundary 

conditions, the product of inertia, lzx, has also been included in the list of  parameters, 

ai, to be determined. This option was provided in order to circumvent the lack of simple 

techniques for determining the product of inertia for asymmetric configurations. In Ref. 

2I, values of lzx as large as 6 percent of ly have been extracted successfully from generated 
motion with measurement noise. 
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ai 

ato, all,... 

Bi 

bio, bil,... 

Cij 

C~ 

C~p 

C~q 

C~r 

C~ 

Cm 

Cmp 

Cm q 

Cmq8 2 

Cm r 

Cm a 

Cm ;, 

Cm~, lal 

NOMENC LATU R E 

Aerodynamic coefficients to be extracted, see Section 3.2 

Taylor series expansion coefficients as used in Eqs. (12), (14), and 
(16) (i = 1, m, n) 

Diagonal components of the inverse matrix of Cij. 

Taylor series expansion coefficients as used in Eqs. (12), (14), and 
(16) (i = 1, m, n) 

Nc x Nc matrix of influence coefficients, Eq. (24) 

Rolling-moment coefficient, Eq. (7) 

Trim roll torque coefficient, see Eq. (16) 

aC~/a(dp/2U..), 1/rad 

aCl/a(dq/2U..), 1/rad 

aci/a(dr/2U.), l/rad 

ac /a(da/2U..), 1/rad 

ac /a(d /2u ), l/tad 

Pitching-moment coefficient, Eq. (7) 

aCre/a(dp/2U.), l/rad 

aCre/a(dq/2U.), 1/rad 

aCre/a(dq5 2/2U),  1/rad 3 

aCre/a(dr/2U.), 1/rad 

aCm/art, 1/rad 

aCm/a(d~/2U ), 1/rad 

aCre/aalal, 1/rad 2 
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Cm,, I~I 

Cma 8 2 

Cm~ 

Cn 

C.p 

C~q 

C,, 

c.~ 

C.~ 

Cn#la I 

Cn~l~l 

Cio, Cil,... 

Dj 

d 

d~, d~, d~ 

d.~ 

E 

eo 

e l ,  e2 

rio, fil,.-. 

AE DC-TR-78-10 

acre/0al/31, l/rad 2 

aCre/aa62, l/rad 3 

aCm/aCd/3/2U.), l/rad 

Yawing-moment coefficient, Eq. (7) 

aCn/a(dp/2 U.),. 1/rad 

aC./a(dq/2U.), l/rad 

aCn/a(dr/2U.), l/rad 

aC,/a(dk/2U ), l/rad 

aCn laB, 1/rad 

8Cn/a(d~/2U.), 1/rad 

aCn/a/t[ a I, 1/rad 2 

aCn/a/tl/~ l, 1/rad 2 

Taylor series expansion coefficients as used in Eqs. (12), (14), 
and (16) (i = 1, m, n) 

Residual influence matrix, Eq. (25) 

Reference length (base diameter), ft 

Coefficients as used in Eq. (16) 

Nose diameter, ft 

RMS deviation between experimental data and converged solution, 
rad 

Trim roll coefficient, see Eq. (16) 

Proportionality constants relating /t, q and /3, r 

Taylor series expansion coefficients as used in Eqs. (12), (14), 
and (16) (i = 1, m, n) 
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f 

m ,  m ,  

hx, hy, hz 

I 

x'x 

Ixx or Ix 

Iyy or Iy 

Iyz 

i', 

Izx 

Izz or Iz 

i,j,k 

J 
'.A 

Jx 

Jy 

]z 

Mli, M2i, M3i 

Mx, My, Mz 

Coefficients as used in Eq. (16) 

Moment of momentum vector defined in Eq. (2) 

Components of moment of momentum vector 

Transverse moment of inertia for axially symmetric body, slugs-ft 2 

Dimensionless moment of inertia, Eq. (A-2) 

Moment of inertia about x axis, 

Product of inertia in x, y plane, 

Dimensionless moment of inertia, 

Moment of inertia about y axis, 

Fig. 1, slugs-ft 2 

Fig. 1, slugs-ft 2 

Eq. (A-2) 

Fig. 1, slugs-ft 2 

Product of inertia in y, z plane, Fig. 1, slugs-ft 2 

Dimensionless moment of inertia, Eq. (A-2) 

Product of inertia in x, z plane, Fig. 1, slugs-ft 2 

Moment of inertia about z axis, Fig. 1, slugs-ft 2 

Unit vectors along coordinate axis, Fig. 1 

1 - JxJz 

Dimensionless product of inertia, Eq. (A-2) 

Dimensionless product of inertia, Eq. (A-2) 

Dimensionless product of inertia, Eq. (A-2) 

Distance between bearing pivot point and mass center, see Fig. 
13, ft 

Moment vector acting at mass cg [see Eq. (1) and discussion] 

Equal to aMx/~ai, aM--y/aai, and aMz/aai, respectively 

Components of moment vector 
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Mx, My, Mz 

MyT 

MzT 

N 

Nc 

n 

Pli, P2i, P3i 

Pli~, P2i£, P3iJ~ 

P 

Qli, Q2i, Q3i 

q 

q .  

R 

RI£, R2£, R3 

r 

S 

t 

t l ,  t2, t3, t4 

tm ax 

u. 

U 

ut 

A ED C-TR -78-10 

A A A 

Equal to Mx/lx, My/I, and Mz/I, respectively, for the symmetric 
program and Mx/Ix, My/ly, and Mz/Iz, respectively, for the 
asymmetric program, lbf]slug-ft 

Tunnel-fixed moment, Eq. (38), ft-lbf 

Tunnel-fLxed moment, Eq. (38), ft-lbf 

Total number of time points in fit 

Total number of coefficients to be extracted 

Number of iterations per case 

Equal to a~/aai, a0/i~ai, and a~/~)ai, respectively 

Value of Pli, P2i, and P3i, respectively, at time point 

Roll velocity, deg/sec 

Equal to ap/aai, aq/~ai, ~r/aai, respectively 

Pitch velocity, deg/sec 

Dynamic pressure of free-stream, psfa 

Dimensionless inertia ratio, Ix/I 

Residuals in ~, 0, and ~, respectively, at each time point £, deg 

Yaw rate, deg/sec 

Reference area (base area), ft 2 

Time, sec 

Tunnel-fixed moment coefficients as defined in Eq. (38), l/rad 

Data sample time, see 

Free-stream velocity, ft/sec 

Velocity along x axis, see Fig. 1, ft/sec 

Residual in roll, deg 
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V 

v£ 

W 

W 

w£ 

X 

X 

X I, y l ,  Zl 

Y 

Y 

Z 

z 

~Z 

aa 

Aai 

At 

6 

6~j 

Velocity along y axis, see Fig. 1, ft/sec 

Residual in yaw, deg 

Pendulum weight, lbf 

Velocity along z axis, see Fig. 1, ft/sec 

Residual in pitch, deg 

Tunnel-f'vced axis, see Fig. 2 

Body-fixed axis, see Fig. 1 

Rotated axis system as defined in Fig. 3 

Tunnel-fixed axis, see Fig. 2 

Body-fixed axis, see Fig. 1 

Tunnel-fixed axis, see Fig. 2 

Body-fixed axis, see Fig. 1 

Velocity ratio as given in Eq. (9) or Eq. (A-4) 

Angle of attack as defined in Eq. (33), tad 

Velocity ratio as used by Tobak, Eq. (32) 

Velocity ratio as given in Eq. (9) or Eq. (A-4) 

Angle of attack as defined in Eq. (33), tad 

Velocity ratio as used by Tobak, Eq. (32) 

Corrections to the coefficients ai 

Integration time interval, sec 

Equal to ~/a 2 + ~ ,  tad 

Kroneker Delta function 
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6ai 

0 

Oe 

OT 

0~ 

0£o 

0m£ 

O 

o~, o0, a Cj 

1" 

~T 

~m~ 

~2 

A E DC-TR-78-10 

RMS deviation in extracted coefficient a i 

Pitch angle, see Fig. 2 

Cone semiangle 

Artificial tunnel-fixed flow angularity correction, pitch, deg 

Calculated pitch angle at time point £, deg 

Value of 0£ for the given constants, ai, deg 

Measured pitch angle at time point £, deg 

One standard deviation, Gaussian noise, deg 

Standard deviation of relative uncertainty in ~, 0, and 
measurement, respectively, deg 

Computer run time of codes, Eq. (31), sec 

Roll angle, deg 

Calculated roll angle at time point ~, deg 

Value of ~£ for the given constants, ai, deg 

Measured roll angle at time point £, deg 

Yaw angle, see Fig. 2, deg 

Artificial tunnel-fixed flow angularity correction, yaw, deg 

Calculated yaw angle at time point £, deg 

Value of ~£ for the given constants, ai, deg 

Measured yaw angle at time point £, deg 

Sting roll position as used in Eq. (36), deg 
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Superscripts 

Subscript 

0 

Coefficients in plane-fLxed or aeroballistic axis system 

d/dt 

Initial value of coefficient 
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